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SUMMARY

A digital computer program has been prepared for the simulation of
gas motion driven by combustion energy within a slab rocket motor.
The computer program is based on numerically integrating the laws of
inviscid fluid dynamics by a two-step Lax-Wendroff technique. Pro-
visions have been made in the program for a sound-absorbing liner at
the wall of the chamber to simulate the absorption of acoustic waves.
The program has been employed to illustrate the effects of some of
the variables on combustion instability and its suppression. Suggestions
for further use of the computer program in the investigation of unstable

combustion are also included.
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SECTION I
INTRODUCTION

The theories that have been proposed to explain the observed high
frequency oscillations that arise under certain conditions in the com-
bustion chambers of liquid propellant rocket engines have been based
on the laws of inviscid fluid flow. However, in general, because of
the complexity of the non-linear partial differential equations it has
been necessary to employ linearized or simplified versions of these
equations. Many useful qualitative results were obtained by the line-
arized equations. For example Culick(l) was able to show the general
effects of the distribution of energy in the chamber, mass flow of pro-
pellants, chamber pressure, and chamber size on the stability of gas
flow.

However, to show the quantitative effects of the many variables on
wave motion it is necessary to employ the non-linear equations directly.
Such an approach was taken by Priem and Guentert(?) in a theoretical
analysis of high frequency instability. This analysis was based on a
toroidal combustion chamber and was directed toward determining the
magnitude of the distﬁrbance that was required to cause instability.

(3)

Priem further expanded on these results to show the effects of chemical

reaction rate, vaporization, and atomization on the stability boundary.

The approach of using the non-linear gas dynamics equations has been

o sl a+d e £
he simulation of

ct

continued. This report describes a computer program for

o]

the time-dependent flow of gas that is driven by the combustion energy
release in a slab rocket motor. The purpose of the simulation is to
model high-frequency unstable combustion in a slab motor and its sup-
pression by a sound-absorbing (acoustic) liner. The gas flow properties
are computed by numerical integration of the conservation laws using a

two-step Lax-Wendroff technique.

It should be noted that the computer program only provides for the
calculation of the dynamics of the combustion gas assuming that the gas
phase is homogeneous in a slab motor. Thus, it does not provide for the
actual spray combustion mechanism when starting with liquid propellants
or for other chamber geometries. It does not appear practical at this
time to calculate the dynamics of a spray that would include vaporization,

I-1
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mixing, and the rates of chemical reaction by the inviscid flow equations
for a two-dimensional geometry because of computer limitations., For this
reason, the combustion process, in steady-state simulation, is represented
simply as the overall rate of combustion energy release assuming that

the combustion is distributed evenly throughout the chamber. In transient
simulation, the combustion is represented in the steady energy release
modified to account for the effect of pressure at any time on the rate of
energy release. Hence, the program can be used for any propellant system,
requiring only specification of the overall heat of combustion. If, for

a specific propellant system, it is known that combustion is concentrated
in a particular zone within the chamber, then the program can be easily

modified to account for this distribution of energy.

It is necessary to prescribe or calculate the values of the dependent
variables on the chamber boundary to simulate the gas flow within
the motor. The injector face is the only part of the combustion chamber
for which the principles of gas dynamics do not provide the basis for the
"boundary conditions". Ideally, the transients of the propellant supply
system and the injector should be described mathematically in detail.
These models would be coupled with the inviscid flow equations at the
face. However, the inclusion of this detail would greatly increase the
computing time. In addition, it does not appear likely that the propellant
supply system greatly influences the acoustic oscillations of the gas flow-

ing in the combustion chamber. Therefore, for an initial study of sound

momenta at the injector face are adequate. Since propellant supply and
injector system are not included in the mathematical model, the program is
not intended for use in calculating starting transients. It would be
necessary to add the propellant supply and injector systems to use the

program to calculate starting transients.

The major benefit of the program lies in the fact that the energy
release, wave motion, and wave suppression are coupled in a manner
reépresentative of that which occurs in an actual engine. Current
theories used for sound-absorbing liner performance analysis or design
do not provide for this coupling. Hence current theories do uoi provide-
a basis for predicting the effect of the liner design variables in con-
junction with the operation and size of the combustion chamber.

I-2
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The computer program has been employed to obtain simulations, included
herein, for steady-state, as well as transient, gas flow within the rocket
motor when energy is released within the combustion chamber. The gas flow
in the transient period takes the form of acoustic waves. A simulation
of the suppression of these waves by an acoustic liner installed at the

wall of the chamber is also included.

Numerical integration was also attempted using a predictor-corrector
technique, which is presented in Appendix C. It was found empirically
that the predictor-corrector technique was unstable for all parameter

values.

The investigation described in this report parallels the efforts of
Dr. S. Z. Burstein, Assistant Professor of Mathematics, Courant Institute
of Mathematical Sciences, New York University. Dr. Burstein's work is
described in "Non-Linear Combustion Instability in Liquid-Propellant
Rocket Engines," NASA TR 32-1111, 15 September 1967. His efforts are
directed primarily toward the traveling transverse mode in cylindrical
chambers, whereas this report is directed toward standing transverse or

longitudinal waves in slab motors.

The author gratefully acknowledges the invaluable assistance rendered
by Dr. Burstein, who supplied the Lax-Wendroff techniques used in this

report and who provided generous guidance during the preparation and use

of this computer program .
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SECTION II
GAS MOTION WITHIN SLAB MOTORS AND ACOUSTIC LINERS

The slab motor for which the gas motion is to be simulated by the
computer program described in this report is shown in figure 1. The
dimensions refer to the specific motor for which the computed results

presented in this report were obtained.

! i

™~

Injector
Face

RN

Combustion
Chamber

Figure 1. Slab Motor FD 23804

Normally, consideration of all three dimensions (x, y and z) would
be necessary to simulate the motion of the gas within the motor. However,
if the width (distance along z coordinate) is sufficiently small, the
problem can be reduced to two dimensions by assuming that the flow is
zero in the z direction. Difficulties in making simulations and the time

required are thus reduced.

A sound-absorbing (acoustic) liner can be installed within a combustion
chamber to absorb part of the energy in a propagated wave. The transverse
waves are, in general, the significant mode of vibration; the liner is
installed at the periphery of the chamber to absorb these waves. The
acoustic liner is essentially a perforated plate that is installed a short
distance from the solid wall of the chamber. The size and spacing of
the apertures and the distance separating the liner and wall are

design variables.
I1-1
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The liner installed in the slab motor is shown schematically in
figure 2.
N
AN
6 in Combustion Nozle
Chamber
4in,
Sound N
Absorbing Liner
Figure 2. Slab Motor With Acoustic Liner FD 23806

The equivalent two-dimensional geometry is shown in figure 3.

l-in. Slot
Nozzle
-]
f Acoustic Liner—/ \/ /
y -
L 5in. Combustion
X— 4in. Chamber
Injector Face —-
7in. J
12in. |
Figure 3. Two-Dimensional Representation FD 23807

of Slab Motor with Acoustic Liner

I1-2



Pratt & Whitney Rircraft
PWA FR-2634

The present acoustic liner design is based on the theory of the
Helmholtz resonator for a wave striking the surface of the resonator.
The current theory does not, however, include the coupling of the com-
bustion energy release rate to the wave dynamics. An objective of this
contract is to provide a method of coupling energy release to the
suppression of the driven sound waves by the acoustic liner through the

use of the nonhomogeneous conservation laws.

The gas motion within the motor and the acoustic liner (if provided)
is simulated by means of the inviscid equations of fluid motion, which
fulfill the principles of the conservation of mass, momentum, and energy.

The equations, in divergence form (variables are nondimensional), are:

Pt = - m - ny + M (1)

m, = (e +g’2>x'<%3>y (2)

n, = '(%?)X - (p + %?>y (3)

E = - [%(p + E)] - [%(p + E)] +Q %)
x y

where:

P = mass per unit volume

m = pu = momentum in x direction per unit volume
n = pv = momentum in y direction per unit volume
2 2
m +n .
E = ple +-————§—- = total energy per unit volume
2p

e = fcvdt = internal energy

¢ = constant volume heat capacity

m2 + n2> = ressure
2P = pressd

jgo]
0\

p(7-1e=(v-1 (E-

Y = cp/c = ratio of specific heats
v

time

t
]

I11-3
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M = mass addition to the gas phase per unit volume and time
due to propellant vaporization
Q = energy release rate per unit volume and time due to combustion

X,y = space coordinates

X,¥,t = subscripts indicate differentiation.

The values of Q will be a function of the other dependent variables.
Since propellant vaporization is not considered in this application, the
value of M is set equal to zero. Q is also set equal to zero in this
volume between liner and chamber wall. The conservation laws may be

written in terms of p, m, n and E by substituting for the pressure to

obtain
wt = Fx + Gy +H (5)
where:
P
m
W =
n
— —_
-m
Y-3m _ (y- 1)E + Y - 1J£i
2 P 2 P
-mn
F(W) = P
_,yEm+‘Y-1m3+mn
P 2 p2
~ -n -
~-mn
P
’ 2 2
Y- 3n Y=1m
cwy =| 2 p " (Y- LE+=—3
En Y-1n" + nm
Yot 3 Y

0 \
a) = | O
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Integration of equation(S)is the means of simulating gas motion

within the motor discussed in this report.

As noted in the introduction, it is necessary to specify the values
of the dependent variables on the chamber boundaries to integrate
equation (5). The "boundary conditions" prescribed for the chamber and

nozzle walls and the nozzle exit are discussed in Section III. We have

elected to specify the enthalpy and momenta at the injector face in place
of a description of the propellant supply system. This permits calcula-

tion of the density at the injector face from:

L/2
_ YPpP ((Y-I)m)
= - + ALALYL.
o 2(7-1)H0 1 +-[1 ZHO Y o (6)
where
P = density
P = pressure
m = longitudinal momentum
H = enthalpy
Y = =

cp/cV = ratio of specific heats

and the subscript "o" refers to the initial condition at the boundary.

The derivation of equation (6) is presented in Appendix B.

The foregoing provides a specification of three (p, m, and n) of the
four dependent variables at the injector face. However, because the
equation (5) is hyperbolic it is not possible to specify the value of the
fourth (E, energy) at the face and this must be calculated from the
properties of the internal flow field corresponding to the characteristic

direction''u~c"

where: u = x-component of gas velocity

¢ = sonic velocity

The energy is calculated from equation (7)

$® - ae) * @6 - gew

7
2 Qv )

= )
- v 8§(p - pbcou) - p.c, S

g = P 4 m2+n?
Y-1 2p
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SECTION III
NUMERICAL INTEGRATION

Because the equations are nonlinear, their integration must be per-
formed numerically. The numerical integration is accomplished using the
two-step Lax-Wendroff technique supplied by Dr. S. Z. Burstein, Assistant
Professor of Mathematics, Courant Institute of Mathematical Sciences,

New York University. Another technique (Predictor-Corrector) was
investigated briefly and is presented in Appendix C. Other techniques

are also available (see Reference 4).

The numerical integration technique is based on the evaluation of the
vector function W at time = At from the values at time = 0 for each point
of a grid superimposed on the geometry considered. Figure 4 presents the
grid for a 1/2-in. mesh for the slab motor shown in figure 1. (Any mesh
spacing can be employed; the 1/2-in. mesh was chosen for illustration.)

A mesh spacing of 1/4 in. will be presented in the acoustic liner dis-
cussion. Specific details of the motor shown in figure 4 will be given

later in this report.

13 XEXXKXXXXXXYXX XXX XX
12 HN00000 00000 00O O X XXX
11 0o O OOO0OOXXX XXXFF
10 0o COCe @OO0OE
9 0o . . .
8 0o Interior Point Region
5000 ©) o} OE
6 T 00
5 0o
4 0o COOOOOOOE
3 oo o OOO.XXXXXXFF
2 D00000000000000 X XXX
1 X)(X)(X)‘)(X)(X)(X)(X)@X o
53 4 56 7T 8002154151617 16 1920212223 2425 526 27
| 12 in. L
- T !
O Interior Points X Virtual Points .
O Points of Gas Introduction E Extrapolated Point
® Boundary Points F Fixed Point
Figure 4. Configuration of Mesh Points for FD 20976C
Unlined Chamber Based on 1/2-inch
Spacing

A two-step Lax-Wendroff scheme is one in which temporary values are

generated by a lst-order difference equation. These values are then used

III-1



to generate a solution that is 2nd-order accurate.
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Several variations can

The specific difference equations used in this report are

(8)

(9

At)]

luation of vectors F and G using values of

(10)

11
Lj,y (at) = 0-50[ Hi 5 (o) + 0.25 (Hi+1/2,j+1/2 (Bt) + Hiyy1/2,5-1/2 (At) 1)

+ Hl-l/z,J+1/2 (At) + Hi-1/2,3-1/2 (At))l
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References 4 and 5 present further discussions of the mathematical
aspects of the Lax-Wendroff schemes. Note that the solution to the dif-
ference equations represents only the solution to equation 5 as the mesh
is refined (Ax=+0, Ay-»0) with a fixed ratio of At/Ax within the stability
limit. The size of the mesh required to achieve convergence must be de-
termined empirically. This aspect will be discussed in Section V, Results.

Reference 4 presents a detailed mathematical description of convergence.

It can be shown (Reference 4) that the linear stability limit of the

difference equations is;:

At € A I\/—z'dﬁl + C)]'1 (12)
A=Ax=Ay
where:
| T =|% m® + n’
c=Vre/p

A smoothing operator can be introduced into the Lax-Wendroff difference
equations to eliminate metastable behavior. This operator, supplied by
Dr. S. Z. Burstein, may be constructed from the nonlinear diffusion

equation

v = 3| (gl = (1l as
by an implicit alternating-direction technique. The equations at the
mesh point (x, ¥y, are

1,71
G _ €0) 0) _  (0) <(0) . (0)) .
R | e T e @
@ a4 )
i,] i-1,3104,] i-1,]
2 _ @ 1 _ (D l( a (1)) -
BT R I e O e N N TS PO s)

isj i’j—l l’J i:j-

NCORINGH (S - w® 1)]
where wfoz is the solution of the Lax-Wendroff difference equations,
~J
w )
i

is the result of smoothing in the x-direction only, and w£2? is
b 3

the final smooth result obtained by sweeping in the y-direction.

I1I-3
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In addition:

D = empirical coefficient
- At _ At
Ax Ay

It was found necessary to incorporate the smoothing operator into
the computations to eliminate mathematical instability during the genera-
tion of the steady state. Two of the transient simulations (refer to
Section V - Computed Results) were made with values of D equal to O and 3.
The computed results obtained with the two different values of D were
identical. It has thus been concluded that the diffusion operator,
equation (13), does not affect the computed transient results in this appli-
cation of the two-step Lax-Wendroff technique. Conventionally this operator
is required to dampen steep gradients or discontinuities (shock waves) in
the computer solution, when these are present, to maintain stability.
However, steep gradients or discontinuities were not present in the tran-

sient computations made in this studies.

The difference equations provide a means of calculating the values of
p, m, n, and E for the arrangement of mesh points shown in figure 4 at
successive time intervals. Calculation of the functional values at interior
mesh points follows directly from the difference equations. Special treat-
ment is required to compute the functional values at grid points on rigid
walls. To provide the necessary information to the difference equations,
a "reflection" principle is employed that images the grid line immediately
adjacent and parallel to the rigid wall onto a "virtual" grid line outside

the boundary (see figure 4).

The virtual points are obtained from the grid points by requiring
that (1) the momentum normal to a rigid wall should be zero, (2) the
energy and density gradients across a rigid wall should be zero, and
(3) the momentum tangent to a rigid wall should have a zero gradient

across that wall.

For a wall parallel to the x-axis, these conditions are expressed

mathematically as:
Pr i 1 TP i i1 (16)

ot T M, L an

I1I-4
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k1,541 Tk, 1, T (18)

= E

B inirl ~ BriL,m (19)

and, for a wall parallel to the y-axis, as

P itl,i = P,iF1,; (20)
Me,itl, ) T Mk, iF1, 5 (21)
“k,i*1,j - "k,iT1,3 (22)
Bl,irl, ;- BT, (23)

For a rigid boundary that makes an angle, a, with the x-axis, a more
complicated construction must be used. Since the slope of the wall is
known, the line normal to its surface and passing through the virtual point
may be constructed. Referring to figure 5, functional values at LO’ Ll’
and L2, which are the points of intersection of the local normal with
the first three interior horizontal grid lines, are obtained by quadratic

interpolation along the horizontal grid lines.

Rigid Wall 1 (Virtual Point)

Figure 5. Reflection at an Oblique Boundary FD 20245A

The interpolation formula is

W(S) T u(S,) + (S'So)w[So’Sll + (s-so)(S-sl)w[SO,Sl,Szl (24)

III-5
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where
w[sO] - W(s,)
WIS ] - W[S ]
1 0
WIS ,S ] = -
0’71 S1 S0
w[S s.,S ] - w[sl,szl _ w[SO’Sll
0’71’72 S2 - SO
hence

W(Ll) = W(XO) + (L1 - XO) W[XO,Xll + (L1 - XO)(L1 - Xl)W[XO,Xl,le (25)

with W(LO) and W(Lz) obtained similarly.

The three points, LO’Ll’ and LZ’ define a quadratic function along the
normal. The functional values at the interior point, 2, are found by first
calculating n, the distance along the normal from L1 to 2 and then using a

Taylor's Series Bxpansion to determine W(2), i.e.,
p

2 2
W(2) = WL, + h) = W(L) + hé%%) + B é—%) (26)
L, oL L

1

2
where 9 refers to differentiation along the normal and jiﬂ' and o"u
oL oL L L
1

J.2
are found to second order accuracy from: 1 L
oW ‘ w(LZ) - w(LO) 27
oL - 2AL
L
1
2 -
32W i W(L,) - 2W(L)) + W(L,) (28)
9,2 2(aL)?
L
AL=L,6 - L, =L, -1L

I1I-6
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Once the functional values at point 2 have been determined, the values

at the corresponding virtual point 1 may be calculated via the reflection

principle.

Then

and

The necessary relationships may be derived as follows:

Tangential momentum component at point 2

P

T2

=M, cos a + n, sin « (29)

2 2

Normal momentum component at point 2

=M, sina - n, cos a (30)

2 2

The reflection principle yields

P

T1

P

1

= PT2 31

Ny~ " F

N2

PTl cos a + PNl sin a (32)
M cosza + N in a co - M in’ + N i
9 o sin s a 5 sin” a 5 sina cosa
2 M2 cos a + N2 sin af cos a - M2 (33)
PTl sina - PNl cos a (34)
. .2 . 2
M, sina cosa + N, sin"e + M, sina cosa - N, cos“a (35)
ra L 4 2
2[M2 cos a +N2 sin alsin a - N2 (36)
P, (37)
3
E, (38)

Using equations 25, 28, 29, and 30 a virtual line parallel to an oblique

boundary may be calculated.

As recommended by Dr. Burstein, the calculated flow field includes

both a subsonic nozzle and a short section of a supersonic nozzle. The

supersonic section is included so that extrapolation of the dependent

variables in the supersonic regime, where the characteristics are all in

the downstream direction, can be employed as the boundary conditions
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at the open end of the chamber. Thus, the error introduced by the
extrapolation is not transmitted back to the flow calculations of the
subsonic section. Extrapolation to the last line in the supersonic
regime is accomplished by assigning the values from the next to the

last line.

The following difference equation, supplied by Dr. Burstein, is
enlarged to numerically integrate equation (7) to obtain the boundary

conditions at the injector face.

p =P t pc lu -u + 3%
n+l,2’j n,3’j ] 0[ n+1’2’j n)3’jl

—-—(:L ' xg) - P - ¢ (u - u -
(1 _ m) n,Z,j n+1,3,j pO (o] n’z,j n+1’3’j)]
AVg
———— P . - P . + p . -p . )
2(1 - ys)[ n,3,j+l n,3,j-1 n,2,j+l n,2,j-1
poco (un)3’j+1 - un,3,j~1 + un,2,j+1 - un,z’j-]_>] -
2
A PoCo [v - ]
(A <3y L e3,341 3,51
where
y = Ot _ At
Ax Ay

I

1
2[un,2,j T Un41,3,5 7 %n,2,7 T Sn+l,3,j

Derivations of the differential and difference equations are

presented in Appendix B.
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SECTION 1V
COMPUTER PROGRAMS

A, GENERAL

Two computer programs have been prepared. The first program performs
the numerical integration to simulate the flow field for a lined as well
as an unlined chamber. The second program converts the input data or com-
puted results, usually a steady state, for a given mesh size into input
data for a mesh half as large. This arrangement has been employed to
reduce the amount of input data cards necessary for small mesh sizes.
Descriptions of the integration and the conversion programs are presented

in the following paragraphs.

The programs have been employed with mesh sizes of 1/4 and 1/2 in.
Except for the liner subroutine as presented in this report, however, any

mesh size can be employed.

Selection of the mesh size should be based on the convergence of the
solution. Several mesh sizes, in descending order, should be employed
in separate calculations and the size selected so that the solution
does not change appreciably when the size is further reduced. As dis-
cussed later in the report, it was not possible to follow this procedure

in this investigation because of funding limitations.

The program has been written with a fixed slope to the wall of the
supersonic nozzle to simplify programing. As noted earlier, the super-
sonic nozzle in this program provides a boundary condition only at the

discharge end of the combustion chamber.

Flow diagrams and a listing for each subroutine are included in

Appendix E.
B. INTEGRATION PROGRAM

The integration program has been subdivided into eight subroutines to
perform the numerical integration described in Section III. Outlined
in the following pages are the principal variables, the subroutines, and

their primary purposes.
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The program has been arranged so that the computation can be stopped
at any desired stage, the results stored on tape, and the computation

restarted.

The running time on the IBM 360, Model 65 computer is approximately
3 sec per each time interval of integration for the 1/2-in. mesh shown
in figure 5. The running time is increased to 12 sec per time interval
(At) when the mesh is reduced to 1/4 in. The integration time interval
for the 1/4-in. mesh is reduced to about half that required by the 1/2-in.
mesh. The computer time required to achieve the same total simulation
time is therefore about 8 times longer with a 1/4~in, mesh than with a
1/2~-in. mesh. The program requires 40K of storage on the IBM 360 written
for single-precision arithmetic. The storage is increased if double-
precision arithmetic is employed, but the running time is not significantly

increased and the accuracy is unaffected.

The program requires only 0.4 sec per At when run on the CDC 6600

computer with single-precision arithmetic and a 1/2-in. mesh.
1. Variables Used in the Integration Program

The following variables are used to represent the number of Ax's

in the various horizontal dimensions as illustrated in figures 7 and 8:

LENX1

]

Number of Ax's in the length of the acoustic liner
(the program is arranged so that LENXl is to be -1
if a liner is not used)

ot

LENX2 = Number of Ax's ia the length
of the oblique boundaries

up to the beginning

LENX3 = Number of Ax's in the length up to the end of the
oblique boundaries
LENX4 = Number of Ax's in the total length.

The following variables are used to represent the number of Ay's in

the various vertical dimensions as illustrated in figures 7 and 8:

LENY1l = Number of Ay's between chamber and liner walls (LENYl
is zero if the liner is absent)

LENY2 = Number of Ay's between chamber wall and throat wall

LENY3 = Number of Ay's between chamber wall and the opposite
throat wall

LENY4 = Number of Ay's between chamber wall and the opposite
liner wall

LENY5 = Number of Ay's between chamber walls.
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The following dependent variables and functions of dependent variables
are employed:
W(K,I,J) represents the dependent variable array where I and J

represent the point, I is the horizontal position, J
is the vertical position and when

; K= 1, W represents p = density
!
) = 2, W represents m = x-momentum
K= 3, W represents n = y-momentum
' K= 4, W represents E = total energy
K= 5, W represents p = pressure
13 XXXXXXXXMXXX XX XXX
12 0000000000 0000 %X XXX
11 0o O COOOXXX XXXFF
lg 8 8 Interior Point Region oJoJof N YoJoJoR T
b NX4 i LENY4
8 0o LE ' and
it 0o ©) 0] OE LENY5
= S 8 LENX3 | LENY3
* |
4 | 65 LENX2 1 cooceeoooglENY?
3 0o Q OOOOXXX XXXFF
2 0000000000000 0 X XXX -
1 XXXXXXYXXXXXXXXXX
él T4 56 7 89101 12131415161716 902122232 5 26 27 LENY1 =0
g 12 in. |
LENX1 = -1 [— )
O Interior Points X Virtual Points
(I Points of Gas Introduction E Extrapolated Point
® Boundary Points F Fixed Point

Figure 6. Configuration of Mesh Points for Unlined FD 20976D
Chamber Based on 1/2-inch Spacing
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1.

2. Between the liner

Pratt & Whitney Rircraft

represents the dependent variables between the liner and wall.

have the same meaning as presented above.

In the interior of the chamber

2
M2 (L,J) = —;‘,‘-
02
WOM2 (1,3) = 5
2 2
vsQ(L,y) = 2212
p2

2
XMOM2A (I,J) = —‘B——
2
YMOM2A (1,J) = %—
2 2
VS (1,J) = 2 +2“
o

The following real variables are employed in the program.

AOQ
CON1
CON2
CON3
DELX
DELY
DELT

ENERO
FUDGE
GAM
GAM1
GAM2
GAM3
OMEGA

n

Reference speed of sound
Pho

‘%Aoz/g

XLEN/Ao

Ax

Ay

At

Reference energy = Ej
Fraction of linear stability At used in integration
~

-1

(y=-1)/2

(v - 3)/2

Frequency

1v-5
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When a liner is present, W represents the values for these points

in the interior of the chamber between the liner walls, and A K,1,D)

K,I, and J

The following functions of the dependent variables are employed;
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PO = Reference pressure = PO
QUE = Energy per unit volume released by combustion
QP = Perturbed energy per unit volume
RHOO = Reference density = A%
sQ= 1NV2
THICK = Liner thickness
IND = Nondimensionalized total time
TTOL = Total time
TP = Length of energy addition
TO = Reference temperature
XM = Molecular weight of the gas
XMU = Viscosity
XLEN = Length of chamber
YLEN = Width of chamber

The following integer variables are employed in the program:

IDROP(I) = Number of the vertical row of mesh points where
a grid point is lost or gained at the top and
bottom due to the oblique boundaries; I = 1,2,..., n
where n = IX4+1
IR(I) = Remainder upon dividing I by the number of mesh
points in the liner hole plus liner wall. This is
used in identifying the holes in the acoustical
liner
KICOFF = Instability test variable
NOPT = H~-function option
TCOUNT = Trip counter
T = Number of At's in total run

IT = Print increment; data will be printed every TTth time.
2. Subroutine MAIN

The principal function of MAIN is to call the remaining seven sub-
routines. 1In addition, the information required to restart a calculation
that has been stopped to review progress is also written on tape in this

subroutine.
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3. Subroutine INITIAL

The purpose of INITIAL is to read in the input data, calculate the
parameters that describe the chamber geometry and nondimensionalize the
values of the flow variables. The input data can either be from cards
only, or cards and tape, depending on whether a new run is to be made

or a run in progress is to be continued.

Essentially any complete specification of the flow field will suffice
to start a simulation. However, it is preferable if the calculations are
started near a steady-state solution to conserve computer time. A sug-
gested method for preparing input data is given in the following paragraphs.
The program as written provides for the flow field data to be expressed

in foot, pound, and second units.
In most engineering applications the following data will be available:

Chamber dimensions
Throat cross-sectional area
Distance between throat and chamber exit

Propellants and their flowrates

v W N -

Temperature of the gas at the injector face.

From these data, the amount of heat to be evolved, as well as the
molecular weights of the combustion gases, can be determined, and an

approximate steady-state flow field calculated as follows:

1. The temperature of the gas at the chamber exit can be
calculated by the heat balance
AT = AH/V'JCP (40)

where AH= Total heat evolved, ft lb/sec

w

= Total flowrate, lb/sec
Cp = Heat capacity, ft lb/1b °R
AT = Temperature rise, °R

2. The chamber pressure can be computed from these data by
the formula presented in Reference 6

_ VT
o A -“"—I'{"Mw\/<1 +:'—'-1M2> “h

2
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where w = Total flowrate, lb/sec
T = Temperature, °R
A = Chamber cross-section area, ft2
g = Gravitational constant, ft/sec2
7=cp/cV
R = Gas constant, ft 1b/1b °R
M = Mach number
The x-momentum, m, is simply expressed by
-
m = - 42)
The density, p, in the chamber can be obtained from
the ideal gas law
_E .
P =2 (43)
In general, the temperatures at each point in the chamber
should be obtained by interpolating the temperatures at
the injector face and the chamber exit; then the density
at each point should be calculated.
The total energy, E, is computed from
? ol 44
= 4+ —
E= 177 22p (44)

which is obtained from the definitions following equa-
tion (4). In the absence of data and/or a means to
calculate the y-momentum, n, it is assumed to be zero.

Values of the flow variables for the nozzles are calculated from

the compressible flow functions defined in Reference 6. Briefly, the

procedure is to

1.

Calculate the Mach number corresponding to the area ratio
from

[2 (1 + 7; L M?‘)] “s)

A
+ 1
At Y
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where A = Area of duct

A

¢ Area of throat

Mach number

CP/CV

2. Calculate the temperature from

-1

i Y- 1,2 (46)
=1+ 5
o
Where T = Temperature
T = Total temperature

o

Calculate the pressure from equation 41

3
4. The x-momentum is calculated from the continuity equation 42
5. The total energy is obtained from equation 44

6

It should be possible to calculate the starting values of the
y-momentum from the steady state portion of equation (5) and
accompanying boundary conditions. However, it is expected

that the values will be essentially zero within the parallel-
walled combustion chamber. Within the nozzle, of course, the
value of the y-momentum will achieve some magnitude because of
the convergence and divergence. In the results presented in
Section V we have chosen to start with the assumption of a
y-momentum equal to zero throughout the motor and permit the
correct steady state values to be calculated as a result of

the integration. This procedure provides a considerable savings
in computer programing and running time since the direct calcula-
tion of a two-dimensional steady state is considerably more
complicated than the integration of equation (5). Of course,
the final steady state values of the flow field variables will
be independent of the starting conditions.

Note that the difference equations used in the program are in non-
dimensional form. The following relationships are used in the program

to convert from dimensional to nondimensional quantities (and vice versa)

in the foot-pound-second system.

2
0 a
p' =\ — g° %7)
m' = [C (48)
n' = P20 (49)
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p' = pp (50)
p a’
o o0
E' = E
2 (51)
, <poai
¢ =\%g /° (52)

where, in addition to previously defined symbols:

P, = Reference density, lb/ft3
a = Reference velocity of sound, ft/sec
g = Gravitational constant, ft/sec2
l = Reference length, ft
m = Momentum per unit volume in x-direction, lb/ftz/sec
n = Momentum per unit volume in y-direction, lb/ftz/sec
E = Total energy, ft lb/ft3
Q = Energy addition, ft 1b/ft3/sec
p = Pressure, 1b/ft2
and

' represents dimensional quantity
The data to start a simulation are input to the program on cards that

are presented by the data input forms on pages IV-13 - IV-15. The first five

cards represent data that are required to define the chamber geometry,
nondimensionalize the variables, and control the data output. The data
presented on these cards are as follows.

Card 1 - An Input value of 1 indicates the run is a cold start.

If a 1/4-in. mesh were employed, a value of 1 for
mesh would be indicated in Column 1.

Card 2 - The values of LENX define the longitudinal chamber
dimensions as described earlier in Subparagraph 1.

Card 3 - The values of LENY define the transverse chamber
dimension as described earlier in Subparagraph 1.

Card 4 - The variables are:

Variable Description

MOLWT Molecular weight of the gas flowing in

+ha crhamher
the chamber

PO Reference pressure calculated from
thermodynamic considerations

Iv-10
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T

GAMMA

FUDGE

AX

QUE

Card 5 - The variables

Variable

T

TT

NOPT

IRHO, IM, IN,
IE IPRESS

Pratt & Whitney Rircraft
PWA FR-2634

Description

Reference temperature calculated from
thermodynamic considerations

C,/C, ratio for the gas flowing in
the chamber

Fraction of the At calculated in
STABLE that is to be used in the
integration

Mesh spacing used in the integration

Value of the empirical coefficient
employed in the smoothing operator

Energy released by the combustion,
ft 1b/ft3/sec

are:

Description

Number of integration intervals
(At's) the simulation is to encompass

Number of At's between printout of
the calculated flow field

Value of NOPT denotes the part of
Function H that is to be used.
NOPT = 1 when the steady state is
to be generated and is equal to 2
otherwise

When these are equal to 1, the corre-
sponding density, x-momentum,
y-momentum, energy, Or pressure

field will be printed out

Cards 6~-65 - These are the values of the flow field variables.
The locations of each point are shown on the
attached form.

Because the computations are lengthy, it is necessary to be able to

stop, review the progress,

and then to restart. This requirement has

been provided for in the program by the use of tapes on which the

computed results can be written for storage and then read into the

computer again when the computations are to be resumed. The program
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has been written to provide three options for restarting. These are

described below.

1.

If the computations are stopped while the steady state is
being generated, the output is written on tape 9. When

the computations are to be resumed, the data stored on

tape are read into the computer. This option is designated
in the program as "Restart".

The program has been written so that the computed steady
state can be stored on tape, designated in the program
as tape 9, to be used as the starting point for several
transient simulations. When the transient calculation
is to be made, the data are read into the computer as
tape 8. This option is designated in the program as
""Steady-State Input".

If the computations are stopped during the transient
period, the results are read out on tape 9, and the
computations are restarted from tape 9. This is also
designated as "Restart'" in the program.

Iv-12
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Three data cards are required for the Steady-State ILnput.
Card 1 - An INPUT value of 3 designates the input in
steady state
Card 2 - This is the same as card 5 (previously described)
Card 3 - Variables are described below
Variable Description
TP Length of time that the disturbance
to the steady state (i.e., bombing)
is to occur
QP Amount of energy to be added to the
steady-state energy as the disturbance
EXP Exponent designated as n in the following
formula for the transient energy release

_\n

Q = q(p/P)
where; Q = Energy Release Rate, ft lb/sec 3
Pressure, 1b/ft2

p =
P = Average Pressure, 1b/ft2
n = Empirical Exponent
q = AH/V

AH = Total Heat of Combustion, ft 1lb/sec
V = Combustion Chamber Volume, ££3

Only two data cards are required for the Restart option. These are
the same as Cards 1 and 2 of the Steady-State Input. A value of 2 for

input is required.

The cards are further illustrated by the data input form, which

follows the forms presenting the flow field data.
4. Subroutine STABLE

The purpose of STABLE is to compute the value of the integration time
interval (At) for the numerical integration from equation 12. The value
of At for each mesh point is computed and the minimum value is selected
for the integration. However, as an additional safety factor, a

fraction only (denoted as FUDGE) can be employed if desired.
5. Subroutine VRTUAL

The purpose of VRTUAL is to assign the values of the flow variables
at the virtual points along the straight walls of the chamber as shown in

figures 4, 6, 7, and 8. The formulae employed are equations 16 through 23.
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As shown in figures 7 and 8, when the chamber is lined, the solid

part of the liner is considered as the boundary of the chamber and the

internal flow field virtual points are located in the space between the

liner and chamber.

Also, the virtual points for the flow field between

the liner and the chamber wall are in the interior part of the chamber.

The values of the flow variables at these virtual points are also calcu-

lated by equations 16 through 23.

6. Subroutine BOUND

Subroutine BOUND is called by VRTUAL; its purpose is to calculate

the virtual points along the oblique boundaries.

The calculation of

these virtual points is somewhat complicated and a detailed description

follows.

The value of the dependent variables at the virtual point V (figure 9)

can be found by

1. Interpolating along three horizontal lines to get the
values at the points Pl (K,J) where K is the dependent

variable and J = 1, 2, and 3

2. Interpolating along the normal to the boundary to get
the values at the point R

3. Using the reflection principle along the normal to get
the values at the point V.

4
1(X,,Y,) 2 4
@ A%
B, 9
Grid %o X1 PIKL/ IX;
Line 1 RIXY)
Grid Xo X, /\PI(K 2)
Line 2 Xq
ﬁl Dist
Xo X //
Grid 17 PI K.3)
Line 3 ®3) Xy
Figure 9 Geometry Used in BOUND FD 23808
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To interpolate along the horizontal lines, it is necessary to know
the distance between X and Pl. This was accomplished previously in
INITIAL by finding the x-coordinate of P1, assuming the origin at Xq

and using the equation of the normal through the virtual point.

For the virtual point (x, y), the equation of the normal can be

expressed in the point-slope form as

y -y = mx - x)) (53)

where (x, y) is the virtual point and m is the slope of the normal.

Solving equation 53 for x yields

1
x=(y - y) tx . (54)
Substituting X, = 2 Ax, y, = Ay and y = 0 into equation 54 yields
X =-%X+2Ax. (55)

Thus, x is the distance from x  to Pl on grid line 1.

Similarly, for grid lines 2 and 3 we have

x = - —ZmAy +2Ax and (56)
3Ay
= .= 4
x — 2 Ax (57)
respectively.

Note that equations 55, 56, and 57 express the distances from X
to Pl no matter which point (1, 2, or 3) is under consideration. These

distances are stored in XDIST(I).

For virtual point 4, the geometry is slightly different, since y has

the value 24y for grid line 1. Thus

X':__ZAy"'ZAX (58)
m

K = - 38Y 4 5ayx (59
m

<= - ‘*m“y +2 Ax (60)

give the respective distances for this point. These are stored in

XDISTP (1) .
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After the values at Pl have been determined using quadratic inter-
polation, the values at R are found by interpolating along the normal.
Again, the distance D from Pl (K, 3) to R must be known. This was
accomplished in INITIAL by finding

1. Distance DS in figure 9

2. Distance DIST (refer to figure 9) along the normal
to the boundary.

DIST has the value Ay
cos g

The value of DS, however, is dependent upon which virtual point is

as can be seen from figure 9.

being considered. 1In figure 10 the virtual points are 1, 2, 3, and 4,

which provide the corresponding right triangles shown.

Figure 10, Virtual Point Calculation FD 23813

This yields
DS = ndAx sin Bl n=1, 2, 3, 4 (61)
Since R is the same distance from the boundary as V,
D = 3(DIST) - 2(DS) (62)

for virtual points 1, 2, and 3 and

D = 4(DIST) - 2(DS) (63)

for virtual point 4' in figure 9..
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Once these values

are known, they can be reflected across the boundary to V by the reflec-

tion principle. Thus, forpand E,

P(V) = PR) and (64)
E(W) = ER) (65)
For the momenta, it is necessary to resolve m and n into the
directions of the boundary and the normal to the boundary.
The component parallel to the boundary at R is given by
PT(R) = m(R) cos Bl + n(R) sin Bl (66)
and the normal component is
PN(R) = m(R) sin Bl - n(R) cos Bl (67)
The reflection principle yields
Pp(V) = Pr(R) (68)
By = - PyR)
Therefore,
m(V) = PT(V) cos Bl + PN(V) sin Bl (69)
.2
= m(R) cos2 Bl + n(R) sin Bl cos 31 - m(R) sin Bl
+ n(R) sin Bl cos 61
= Z(m(R) cos Bl + n(R) sin Bl) cos ﬁl - m(R)
and
= i - 0
n (V) PT(V) sin Bl PN(V) cos Bl (70)

I
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7. Subroutine GENPT

The numerical integration employing equations 8 through 11 is accom-
plished in GENPT. A considerable economy in computation has been accom-

plished by calculating wi jQﬁt) at only three vertical lines (i-1, i

i+l) of mesh points at a single time.

3

For example, if values of W are known at (i-1,3), G,5), G + 1,37
(j = 1, JMAX), then the vectors FW), GW), and H(W) are calculated for
the three vertical lines and stored in a temporary vector called TV.

This is illustrated for the line corresponding to (i-1,j) as follows,

PO, Py, v, @), AARENCONE AN G

b

G(Wi_l,j)—>TVi_l,j(5), Tvi_l’j(s), 'I‘Vi_l’j(7), TVi_l,j(S)

HW =TV O TV S 30), T, (D), W,y (12)

i-1,]

TV is a three-dimensional vector whose first column contains the 12

elements of F, ., G, ., and H, .3 the second column contains the
i-1,j i-1,j3 i-1,j
next 12 elements of F, ., G, ,, and H, .; and the third column the last
l’J l,J l’J
12 elements of Fi+l,j’ Gi+l,j’ and Hi+1,j'

The values of %(At) are then computed between the first and second
lines and between the second and third lines and stored in the temporary
vector, TVA, which is a two-dimensional vector whose first column contains
the sixteen values of ﬁ(At), F, é, and ﬁ, computed between the first and
second lines, and whose second column consists of the 16 values computed

between the second and third lines as follows:

*

W, 1 T TVA(L, j+5, 1), TVA(2, j+%, 1), TVA(3, j+%, 1), TVA(4, j+%, 1)
ith, j+s

*

F, .41 —>= TVA(S, j+%, 1), TVA(6, j+5, 1), TVA(7, j+%, 1), TVA(8, j+%, 1)
i+s, j+s

* 3

G, .. —>TVA(9, j+%, 1), TVA(10, j+5, 1), TVA(LL, j+%, 1), TVA(12, j+%, 1)
1+;2,’ J+;2’ > ] ’

* 3 3
Hi+%, 543 —= TVA(13, j+%, 1), TVA(Ql4, j+%, 1), TVA(15, j+%, 1), TVA(16, j+s, D
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The same ordering holds for the second temporary line of values, i.e.,

1+3/2, 43" TVACL, 3+%, 2), TVAQ2, j+k, 2), TVAQ3, j+i, 2), TVA(4, i+, 2)
3

R =%

14372, 45 " TVAGS, 3+5, 2), TVA(6, j+%, 2), TVA(7, i+, 2), TVA(8, j+, 2)
and so forth.

After all the above values have been obtained, the final values of
wi,j(At) on the line (I,J) are computed. After wi,j(At) is known,
wi+l,jcﬁt> is computed, by shifting column 2 to column 1 and column 3
to column 2 in TV and calculating the elements of column 3 along the
vertical line (i+2,j) and similarly shifting column 2 to column 1

in TVA and calculating the elements of column 2 between the vertical

lines (i+l,j) and (i+2,j).
8. Subroutine LINER

The purpose of LINER is to calculate the values of the dependent
variables at grid points that fall in the acoustic liner or on the
boundary between the acoustic liner and the interior of the chamber shown
in figures 7 and 8. The detailed calculations are the same as previously
described in GENPT. Note that the LINER subroutine has been written

specifically for the configuration shown in figure 7 .

The boundary between the liner and the general mesh is handled as
a rigid wall except at the points 1, 2, 3,and 4 shown in figure 8. At
points 1 and 4, a value is obtained from both GENPT and LINER. These
values are then averaged and results stored in both A and W. Points 2
and 3 are also calculated in both GENPT and LINER. As indicated in
figure 8, these values should be identical; however, after smoothing
they will differ and hence are averaged in GENPT for the final result

that is stored in both W and A.

As previously noted, the liner configuration is fixed by the program
to that shown by figures 2, 3, and 7. Thus, the subroutine provides four
l-in. x 1 in. slots separated by 1/2-in. of metal. The distance between
the liner and the chamber wall is 1/2-in. Additional programing would

be required to chan
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9. Function H

Function H is provided to compute the values of the source terms
(mass and energy addition) and is called from GENPT. The function that
is listed provides three periods of energy addition. The first is the
steady-state energy release, which is assumed to be constant throughout
the chamber. The steady-state energy release is, q, the total heat of
combustion per unit time and volume; ft 1b/ft3/sec. The second period
is the disturbance of the energy to initiate the transient period. The
duration of the disturbance is controlled by the value of TP. The

formula employed for the perturbed energy release rate is
= +
Q= (4 +q)
where qp is the perturbed energy release rate. The third period is the

transient period. The transient energy release rate employed in these

calculations is given by
-\ n
Q= (q) (p/p)
The terms have previously been defined on page IV-19.

A listing of the FORTRAN statements employed to obtain the results

presented in this report are presented in the following pages.
10. Subroutine PRINT

The initial data and the flow field are printed by means of Sub-
routine PRINT. For each run, the input data and constants are printed
as the first page. Sample copies of the print for 1/2- and 1/4-in.

meshes are presented on the following pages.

The flow field is displayed by printing the value of each variable
at each mesh point in the chamber, with certain exceptions that are
discussed in the next paragraph. The number of pages required for each
variable depends on the number of rows of mesh points required to describe
the length of the chamber. The order of printing is the density, x- and

y-momenta, energy, and pressure.

The width of the flow field displayed is restricted by the width
of the paper available for printing., It is only possible to print 13
columns of data and display the computed results to four significant

figures. Thus, if 13 or less rows of mesh points will represent the width
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of the flow field including the boundaries, then the entire flow field will
be printed. However, if more than 13 are required, then the data corre-
sponding to only the first six rows, the center row, and the last six

rows are printed.

Two samples of the flow field printout are presented on pages IV-31

and IV-33. The first sample (p IV-31) is the density field based on the
chamber shown in figure 4. The entire density field is displayed since only
11 rows of mesh points are required. The second sample (p IV-33) is the
density field based on the chamber shown in figure 7; only 13 of the 21 rows
are presented. This display also shows the sound-absorbing liner. The sym-
bol "A'" between successive entries indicates those entries were generated in
LINER. The symbol "W" between entries indicates that those values were gen-
erated in GENPT. The symbol * indicates the boundary, the symbol "C" indi-
dates the chamber centerline. Only the density field is shown since the

other fields are similar in display.

The variables are redimensionalized before printing. The formulae

employed in the program are:

IND = TND + DELT (nondimensionalized time)
TT0L = ™ x £ (cotal time)
)
P =pp (71)
2
P’ = ppalle (72)
m' = mga_ (73)
n' = np.a, (74)
2
E' =
Epoao/g (75)

where

TND = Nondimensional time used in program
DELT = Time interval
TTOL = Total time

P = Density, lb/ft3

p = Pressure, lb/ft2

m = y-momentum, 1h/ft2/cac

n = y-momentum, lb/ft2/sec
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E = Total energy, ft 1b/ft3
a_ = Sonic velocity, ft/sec
g = Gravitational constant, ft/sec?2

The superscript ' refers to dimensional quantities, the subscript o refers
to the initial quantities used to nondimensionalize, whereas the remaining

variables are nondimensional.

C. CONVERSION PROGRAM

The purpose of the conversion program is to convert the value of
the flow field variables from one mesh size to another half as large.
This is accomplished by quadratic interpolation to fill in the values
at the intermediate mesh points. The conversion program also calculates

the constants that are necessary for the LINER subroutine.

The program consists of five subroutines. However, three of the
subroutines VRTUAL, BOUND, and PRINT are the same as in the integration
program. The remaining two subroutines are described in the following

paragraphs.
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Note that it is necessary to employ the conversion program if it is
desired to make a simulation in the presence of the acoustic liner.
In this instance, the initial data are supplied to the integration

program and the results, stored on tape, are then converted to suitable

form by the conversion program.
1. Subroutine MAIN

The flow field and other data from the integration program that is
stored on tape is read in MAIN. For each new mesh point between each
two of the original mesh points, a new value of the flow field variables
is determined by quadratic interpolation of the values at the original
mesh. The flow field and other data for the new mesh size are also stored

on tape in this subroutine for use by the integration program.

Subroutine MAIN also calls the remaining subroutines. A flow diagram

and a listing are presented in Appendix E.
2. Subroutine INT

Data relative to the new mesh size that are unavailable from the
integration program are read into the conversim program in INT. These
data include the values of the flow variables for 22 of the mesh points
that define the surface of the supersonic nozzle. Subroutine INT also
generates the information necessary to describe the geometry of the com-

bustion chamber and nozzle.

The input data required are shown by the data input form on pages
Iv-35 and IV-36. The data supplied by the first four cards have been
described in Subroutine INITIAL. The data supplied by Cards 5 and 6 are

as follows:

Card Variable Description
5 TCOUNT The number of the iteration at which
the conversion is being made
MU The viscosity of the combustion gases
OMEGA The expected frequency of the
oscillation
THICK The liner thickness
6 IFOUR Control index used for data input
LEIGHT Control index for data input
MESH Control index for data input

IV-34
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The data supplied by Cards 7 through 20 are values of the flow field
variables that are to be supplied externally, since it is not possible
to obtain these by interpolation within the program. The values of
density, x-momentum, and energy are obtained by manual interpolation
of the data for the 1/2-in. mesh. Values of the y-momentum must be
assigned arbitrarily, since information to calculate these is unavail-

able.
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SECTION V
COMPUTED RESULTS

A. GENERAL

Simulations were made to investigate the calculation of wave motion

in the gas stream in a combustion chamber. A simulation consists of

two periods:
1. Generation of the steady (equilibrium) state solution from
the initial conditions

2. Disturbance of the equilibrium state corresponding to an
upset of the system, such as that obtained by ""bombing"
the chamber, followed by the transient period during which
the wave motion of the gas occurs.

Both aspects of the simulations have been separately studied and are dis-
cussed individually in Paragraphs B and C, respectively. As noted in
Section IV, the program running time is 3 sec per At with an IBM 360

Mod 65 and a 1/2-in. mesh. The running time is reduced to 0.4 sec

per At when a CDC 6600 is employed. When the mesh is reduced the running

time increases as the square of the reduction.

The simulations are all based ona 1 x 5 x 7 in. combustion chamber.
The throat dimensions are 1 x 3 in. so that the contraction ratio of the
combustor is 1.67. The subsonic part of the nozzle is 3 in. long. Only
a short section (2-in.) of the supersonic nozzle has been employed to

provide a basis for extrapolation as the boundary condition at the

wzzle exit.

The simulation was based on 7.1 lb/sec of oxygen and hydrogen at a
mixture ratio of 3.7 and a propellant inlet temperature of 200°R. Thermo-
dynamic data indicate that the heat evolved will be 2.83 x 10/ ft 1b/sec.
The final temperature expected at the steady state, by a heat balance, will
be 5150°R. The estimated theoretical chamber pressure based on the
formula given earlier is 75,000 lb/ftz. The energy released per unit
of volume, considering the entire chamber as the combustion volume,

is 1.52 x 109 ft lb/ft3 sec.
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The initial conditions in the combustion chamber were,

Injector Face Chamber Exit
Density, lb/ft3 2.70 0.10
x-Momentum, lb/ftzsec 203 203
y=-Momentum, 1b/ft25ec 0.0 0.0
Energy, ft 1b/ft 355,000 361,000

Values of these variables at mesh points intermediate between the injector
face and the chamber exit were obtained by interpolation. Values for the
convergent-divergent nozzle were obtained by the formulas presented

earlier in INITIAL.

B. STEADY-STATE SIMULATION

The energy source term in the Lax-Wendroff equations to represent the
combustion process was set equal to the overall heat of combustion per

unit volume and time.

The energy is assumed to be released evenly throughout the chamber.
Originally it was intended to base the distribution of energy release
on the Priem-Heidemann Combustion Model (Reference 8) but this was not
feasible because of funding limitations. However, a computer program of

this model was written and is available if required.

The results of the simulation with a 1/2-inch mesh to obtain a steady
state suitable for disturbance and subsequent transient calculations is

presented in figures 11 through 14.

Figure 11 shows that the steady state is achieved after about 4 msec
have elapsed and that the computed pressure at the injector face is essen-
tially equal to that calculated by thermodynamic considerations as given by
equation (41). Density as a function of position within the motor at three
different times is shown in figure 12. The x-momentum as a function of
position within the motor at four different times is presented in figure 13.
The data indicate a substantial initial transient. The dip in the
x-momentum near the injector face that persists is not clearly understood.
The results suggest that the x-momentum, at 7.0 milliseconds, is still
trending toward a constant value throughout the chamber and a much longer
running time would be required to obtain the steady state. The dip as

well as the strong transient may be due to fixing the momenta

V-2
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and enthalpy (thus adjusting the energy) at the injector face rather than
permit these to fluctuate according to natural processes that may be
occurring. However, as noted in the Introduction, it was not practical
to completely model the propellant supply and injector system. The
pressure in the motor at three different times as a function of the

distance from the injector face is presented in figure 14.

V-3
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These data were employed as the starting point for calculations of
transient gas flow. A complete printout of all the computed results at
7.0 msec is also presented in Appendix F for ready reference. Note that
there are only relatively small gradients in the values of the flow

variables in the transverse direction.

C. TRANSIENT SIMULATION

To make a transient simulation, the steady state must first be dis-
turbed in a manner similar to that done experimentally when a combustion
chamber is '"bombed". In the calculation to be discussed, the mathemati=-

cal form employed to disturb the steady gas flow was

Q=1(+q_ ) (76)

P
where, in addition to previous symbols,
a, = perturbed energy ft 1b/ft3/sec

The value of qp was selected in a series of trials to provide a dis-
turbance equal to 100% of the steady-state chamber pressure at the
injector face. The magnitude of the disturbance required was

4.0 x 1010 ft 1b/ft3/sec, and the period of the disturbance was 4.1 Msec.

With this disturbance, the peak pressure was reached in 0.2 msec.

Due to funding limitations, it was not feasible to further evaluate
the effect of the magnitude of the disturbance on oscillations generated.
It has been assumed for the purpose of this study that this disturbance
is uniform over the chamber. However, with slight modifications to the
function H described an page IV-26, other locations of the disturbance

or magnitude and duration of disturbance can be easily simulated.

The energy source term in this transient period is
n

q=q (2 (77)

P

where the terms are defined on page IV-27. Note that the definition of
the energy source term is somewhat different from that employed in the
Crocco-Cheng and other theories because the average pressure is computed

at each time interval.
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The results of the transient simulations of the gas flow in the
rocket engine are summarized in figures 15 through 19. Because the
waves are nonlinear, it is not possible to characterize them simply by
their frequencies and damping coefficients as is the normal practice
with linear oscillations. However, the frequency is generally from

3000 to 4000 Hertz.

Figure 15 compares calculated chamber pressures for 1/2- and 1/4-in.
meshes when the exponent n in equation (77) was given a value of 2. This
comparison shows that the solution is dependent on the mesh size within
this range, and that the solution becomes more oscillatory as the mesh is
refined. It is possible that the solution for a mesh size smaller than
1/4 in. may not be significantly different from that presented for the
1/4-in. mesh. However, it would be necessary to conduct a simulation
with a 1/8-in. mesh, and possibly smaller meshes,until that mesh size
is obtained at which the results become independent of mesh size. This
was not done in this project because of the lack of funds. It can be

concluded from the results of figure 15 that the system is unstable

with n = 2.

Figure 16 presents the results of a simulation at three different
locations at the chamber wall for n = 1. The mesh size was 1/4-in.,
which is the smallest that could be run in the present investigation.
The data show that the oscillation is greatest at the injector face and
lowest at the chamber exit. This lrend is in agreement with experi-

mental observations.

The effect of the value of n on the calculated pressure for a
1/4-in. mesh is shown in figure 17. The data show the expected result
that the oscillatory motion is increased as n is increased. It should
not be concluded that a value of n greater than 1 is necessary to cause
divergent instability because, as previously noted, a simulation with
finer mesh may result in more oscillatory behavior even with n = 1. For
example, figure 18 presents the effect of n for a 1/2-in. mesh. These
data would indicate that the value of n must be greater than 2 for the
system to become unstable, but the data presented for the 1/4-in. mesh

(figure 16) show considerable instability when n = 2.
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In all of the previously discussed simulations, the value of the
diffusion coefficient (D in equations 13 - 15) was equal to zero. Two
of the simulations of figure 19 (n =3 and n = 2) were made with D = 3.
The computed results of the two simulations were identical to the results
of the original simulations made with D = 0. These results provide the
conclusions, presented on page III-4, to the effect that once steady
state 1s established the diffusion operator does not contribute to the

mathematical solution in this application.
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The effect of a sound-absorbing liner on the oscillation is pre-
sented in figure 19. The value of n in equation (77) was 3 in the
simulation made with the liner and the results are compared to those
for an unlined chamber with an n of 2. The damping effect of the liner
is clearly evident. However, it should be noted that the damping would
have been greater if the same exponent value had been used in the two

simulations.

The design acoustic resistance, reactance, and absorption coefficient

of the liner are presented by figures 20, 21, and 22.

Figure 23 presents a comparison of calculated and experimentally
observed chamber pressures in the slab motor. The experimental pres-
sures were obtained in Test 58.04 conducted under Contract NAS8-11024.
The operating conditions employed in Test 58.04 were the same as those

employed in the simulation.

The difference in frequencies of the computed and experimentally
observed waves may be due to the fact that the computed wave may contain
both lower-frequency longitudinal as well as transverse components,
while the experimental wave contains only the transverse component. The
difference in wave magnitude may be due to the fact, as noted earlier,
that mass addition to the gas phase due to propellant vaporization as well

as nozzle and frictional effects were neglected.
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

A computer program has been written to simulate (1) the time-dependent
flow of a gas when coupled with combustion energy release, and (2) the
suppression of acoustic oscillations in a slab rocket motor. The program
is based on integrating the inviscid flow equations by a two-stage
Lax-Wendroff technique. The initial predictor-corrector technique
employed was unstable. A one-step Lax-Wendroff technique was also
employed, but was abandoned for the two-step method to achieve greater

accuracy.

Calculations of the transient and steady-state flow of gas in a slab
motor have been made with the computer program. The steady-state computer
solution agreed with that predicted from thermodynamic considerations.

The transient calculations resulted in acoustic oscillations. The
divergence of the oscillations observed during a selected rocket firing
was not simulated by the computer which predicted a damped oscillation.
A reduction of integration mesh size might possibly improve the simu-

lation.

The stabilizing effect of a sound=-absorbing liner was illustrated

by one simulation with the liner as a boundary condition.

If further work is done with this program, it is recommended that
first the mesh size required for mathematical convergence be established.
After a better approximation of experimental rocket chamber oscillations
is accomplished,it is recommended that the program be employed to investi-
gate the effects of liner design variables in conjunction with combustion

chamber design variables to suppress high frequency oscillations.
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APPENDIX A
REDUCTION OF EULERIAN INVISCID
FLOW EQUATIONS TO NORMAL FORM
The inviscid flow equations may be written
+ = - A"'l
W + AWW_ B(W)wy (A-1)
where
[ u p 0 0 v 0 p O
_fu 10 u 0 1/P _ 0 v 0 O
WELy AW =g o o |0 BOWD 00 v.1/P
p 0 pc 0 u 0 0 pc v
where
P = Density
u = Longitudinal velocity
v = Transverse velocity
p = Pressure
¢ = Velocity of sound

Equation (1) may be written in normal form by diagonalizing the matrix A (W).
This may be done by obtaining the eigenvalues and eigenvectors of A(W)

from the relations

i

gam) = MNE G =1, b (A-2)

or

i -
£a-\I) =6

where the El and Ai are the four eigenvectors and their corresponding
eigenvalues, respectively, I is the identity matrix and 6 is the null

vector,
Equation (2) will possess a nontrivial solution if and only if
|a - Az] =0

or

(n - w)? - o[r- - c>_] =0 (4-3)
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which yields
Ap T u
)\2 = u + c (A-4)
AB =u - c
A& = u

as the eigenvalues of A(W). The corresponding eigenvectors obtained by

substituting (4) into (2) are:

1 1
E - (Tl’ 0; Tzs _'—2 Tl)

C
52 = (o, Ty 0,—1—C T4 )

P (A-5)

3 1
£ (o, T, 0,-R14)
4 1
£ = (1’5, 0, T, -?75)

Since the eigenvalues (4) are not distinct, the T;, must be chosen
so that the eigenvalues (5) are linearly independent, i.e., it must be

true that the equation

1 2 3 4
alf +a2£ +a3£ +a4E =0 (A-6)

has the trivial solution a = a, = aq = 04 = 0 as its only solution.

This condition is satisfied by choosing the T, to be

_ 2
T1 = T5 = -c
=Tt @-7)

The eigenvectors are

&l = (' C2, O’ 1: 1)
£ =, pe, 0, 1) (a-8)
£3 = (0: - PC, 0> l)

(' C2: 0, - l: 1)
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The matrix A(W) may now be diagonalized by a similarity transformation
-1
HAH " =T (A-9)

where H is the matrix whose rows 'are the vectors (8) and T is a diagonal

matrix with the eigenvalues xi as its diagonal elements.

-2 0 11 'Lsz_l—z'Lz
' 2¢ 2¢c 2c 2¢
g=] 0 pc 01 cul- 0 1L 0 (A-10)
0 -pc 0 1 2Pc  2Pc
-2 0-1 1 ¥ 0 0 -k
i ¥ 0
u 0 0 0
T = 0 u+c O 0
0 0 u-c 0
0 0 0 u

The equations (1) are transformed into normal form by setting

p + v - pc2
U= HW = P * peu @A-11)
P - peu
2
p-vVv-pc
then
w=nulu a-12)
and
"l '1 1
W[=H[U+H UZ (A-13)

where the subscript "f'" denotes differentiation with respect to '"f"

Substituting (13) into (1) yields

1 1

- - -1 -1 -1 -1
= - + H. U = H + H U A- 14
H Ut + AH Ux B Hy U y] I t A % ] ( )

A-3
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which upon multiplication by H from the left becomes, using (9),
= -1 -1 -1 -1
U + T_=-HB|H U +H U ] - H[H + AH ]U (A-15)
t X y y t X
or
Ut + TUX=-GUy - Ju (A-16)
where
G = HBH ™!
5=n[! s ant 4+ gl
y X t

Equation (16) is the normal form of the system (1).

If differentiation in a characteristic direction is defined by

() =% () a0 va%u a-17)
then the matrices G and J are
1 1 -
B 2 2P 2p O2
S v o Pc
c= | %, 2, (A-18)
pc 0 -Pc
7 V.o T
L L
L0 -2p T2p YV
T D@ D) D, (¢) D (c) |
T ¢ c c e
. E)z(p) Dz(c)] l[Dz(p) Dz(c)} 0
0 - = + = +
2L p c 2L P
J = (A-19)
! F3(p) D3<c)] 1[1)3(;0) D3(c)]
0 — + - = + 0
2L7p c 2P c
Da(c) Da(c) Da(C) _D4(C)
B c T c c ]

A-4
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The differential equation corresponding to the characteristic direction,
)\3, pointing from the region of integration towards the injector face may

be exhibited using (10), (11), (16), (18), and (19). It is
9
(p - pcu) + (u-c)§-(p - pcu)

t
3(P) D 3(¢) Py | D,(c)
[ ](p+ pcu)+%_-[b3p - :l(p—pcu)—

C

o/|01

l\)l’-‘

2
g——aa-(p+v—pc)~v-aa§(p-pcu)+ g(p-v—pc) (A-20)

ND

or recalling (17)

D,(® D,(c)
D3(p-pcu)=-pcu[ 3,, + i ] ng;’

Since characteristic differentiation as defined in (17) is a linear

operation, the above equation may be written
D3(p) - pc Dy(u) - pu D3(c) - uc D4 (P)

= - uc Dy(P) - pu D,(c) - pczg—; (a-21)

or

29
D3(p) - pc D3(u) = - pc a—;

Since there are three characteristics "u', "u+c" and '"u" issuing
into the region of integration from the injector face, three of the
dependent variables may be prescribed at this boundary. Initially,p,
m, and n will be fixed and p will be calculated by numerically inte-
grating equation (21). This equation may be conveniently written for

the purpose of the integration as

%(p - pcou) + (u-C)ga;((p = Pycow)

29
= - v A(p—pocou)«-pc -

oSy oS0 Sy A-22)
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Voo Py and <, indicate the values of v, p, and ¢ at the center of the

rectangle shown below at the beginning of each time step, and they are

held constant during each time step of the integration,

The difference equation to be used in the integration is based on

the idea of centering the "x" and "t" differences at the center of the

grid rectangle

ty
n+1,2) n+1,3,))
N 7
\\\ 3{ =u c ///
\\ ot ,/
\\;\/— ,//
\\ //
~ P
~ e
~ 7
~ 7
\>//
//
//
//
,/
//
//
//
//
(n’ 21 .]) (n' 3’ j) X

The difference equation to represent the differential equation (22)
is not unique and a number of forms are possible. The following dif-

ference equation was employed and resulted in a stable integration.

= - +
Pat1,2,; Pn,z,j+"o°o<“n+l,3,j “n,:s,j)

lé;é} -c ) P -p - pc @ . - u .

Ax\ o o n,2,j n,3,j o o\n,2,j n,3,j -
At ; ;

Vosax |Pn,2,5+1 ~ Pn,2,5-1 " Pn+1,3,341 7 Pn+1,3,5-1 +

t -
pocovo_mx[un,Z,j+l T U0,2,5-1 T Ynel, 3,541 Lln+l,3,j-l:| -

2 ac |
PC —m— N . . . .
OO0 4, Loti,3,0+1

- v -I a-23)

A A e
HTL,J,J"-LJ

A-6
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where
=L(p i p
R=2W,2,3 n+1,3,j)
=L(c- + c
‘o~ 2 %,2,; n+1,3,j)
Yo "2\ Vn,2,5 ° Vn+1,3,j>
The characteristic equation corresponding to A3 = u-c may also be
written
30 a9 99 p2dv (A-24)
+ S = -y - e T
ot Jx 3y dy
where
Q=p-pcuu (A-25)
S =u-c
The derivative approximations are:
O¢ & n+1,2,5 " %25 " %ne1,3,5 ~ %nys,g
ot 2At
39 - Yn+1,3,5 " “Y+1,2,5 T %35 T 2, (A-26)
9x 2%
39 = 3,541 7 %3,5-1 T 2,500 T %2,5-1
Y

4Ay

dv -~ 'm,3,j+1 ~ Vn,3,3-1

3Y LAy

where the subscripts indicate the corners of the space-time rectangle.
The derivative approximations (25) may be substituted into
equation (24) to yield
(1 +X§)
= o ——o, , i - 0 | -
Qn+l,2,_] Ql‘l,3,_] (1 _)\‘g) n,2,j n+l,3,]

24t v,

o 3 T %L3,5-1 T Q2,54 T Y2, -1 -
4(L - XS)Ay [n’3’J 7 a

28t Poco” [, . (A-27)
—— [ n33>j+l n33)j-l]

4(1L - A3)Ay

A-7
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Pat1,2,5 ~
where
At
A= 2 =
Ax
5=l
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+ -
pn,3,j pbco[un+1,2,j un,3,jl *

(L + AS)

P . s = ¢ (u . - u .
T -yl ne2sd Pa+1,3,5 7 Po% n,2, 5 n+1,3,J]

AVo

ETT‘:‘:§J Pn,3,541 7 Pn,3,5-1 F Pa,2, 341 T Pny2,5e1 -

po°o(“n,3,j+1 T Un,3,5-1 T Un2, 541 T “n,z,j-l)] -

)\Poco2 [v - ]
2(1 - A3) n,3,j+l n,3,j-1 (A-28)

+ - -
n,2,j  'n+l,3,5 ~ “n,2,j ~ “n+1,3,j
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APPENDIX B
COMPUTATION OF DENSITY AT INJECTOR FACE

! The pressure at the left-hand boundary is calculated from the dif-
ferential equation corresponding to the characteristic direction, "u-c"
as shown in Appendix A. Since the other three characteristic curves
issue into the region of integration, we may prescribe any three proper-
ties of the flow field at the left-hand boundary. To more closely
approximate the real physical situation in which the arrival of a pres-
sure wave traveling with velocity "u-c" at the left-hand boundary causes
a decrease in the fluid velocity and an increase in the density, we shall

specify for all time values the x- and y-momenta and the enthalpy,

i.e.,

m =m (B-1)
n=n_ =0 9 5 (B-2)
v Po M *on,
H=H = 3- 7+ 5 (B~3)
P, 2 po

Equation (3) must be satisfied at all times by the current values of p, m,
and n. Since m and n are prescribed and p is calculated from the charac-
teristic equation, equation (3) may be solved for P to yield the time-

dependent value of the density:

2 L 2 _ 4

‘ B -5 gpePp-gm =0
2 2 1/2

p- Y P L} vp 4 2m
| Y-1 ZHO -2 \Nv-1)H H
{ or 9 1/2

- —YP __ 1y 4 + [ESZ:E) (B~4)
P 3@-DE|M* <1 Y Y
Since

B-1
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the root in equation (4) corresponding to the negative radical is not

physically meaningful. Consequently, the density may be determined from

9 1/2
- __Yp (-Dm -
P TG-DE, 1+ [1 + ?_HO(—7 . >:| (B-5)

and the time-dependent 'x'" velocity, u, is determined by the relation (1),

mO
o =52 (3-6)

In the above,

p = density

m = longitudinal momentum
n = transverse momentum

u = longitudinal velocity
H = enthalpy

and the subscript "o" refers to the initial condition at the boundary.
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APPENDIX C
PREDICTOR-CORRECTOR TECHNIQUE

The numerical integration by a predictor-corrector technique was

L attempted initially based on the following derivative approximation.

61Y(J’k:£+ 1) = (61 + 6_1)}7(.]31()1@) + 6_1Y(Jsk’£— l) (C-l)
Z =vy_(,k,p)
<61 6_1)Az z
where:

bi = parameter

j,k,£== indexing parameter

[-1 S [)é L+1

y = dependent variable
z = subscript denotes differentiation.

The explicit and implicit difference equations follow,
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c-3

W - )
6-0) e R R N (N P
szTQ - ;.v uQAc - C, ) )
AQ 31~ QKH Q + TQ}%J&TQ + Ho.v - ATNJ_.TCWN& ) A N x,Q Q x.& A ﬁv - ATN.V_.O@
AN.%QQ +
o - 1)
Qi-xévmﬂ-w + Cs_,cmﬁ-w 4 Jv Q Ts_;v )
(8-0) quTw _ Ht 3?. v ,
Q 21~ ﬁvo + Q x.ﬂv A 4o Fv _ Q%?Qoﬁ ) Q\xé Q %mzz c - ?w.x..cm
so("g - Ty
ANIUV ATNJL—%VMT@ + AT,NJ_QVMATQ + Ao.v - ATN.Tx..ﬁvao. )
(" - 1) v (p - 1)
AT@J_.T.QMH-Q + ?N.x..ﬁvmﬁ-o + C«v - ATNJ.?Q A\ x“c Q %c A«+ Av - ATNJ_.C,@
o7 - )
(9-0) (e s oo ) - iy
qu

s el o ) ey TR G ] - (e

- ) k w(z - 1)
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where;

m2
A=p+b—

mn

B = —

P
n2
D=p+5

m
G:_ .LE
p(p )

:—[—1_ L

a,Y = integration parameters

Pratt & Whitney Rircraft

PWA FR-2634

* = predicted values of the functions obtained from the explicit

equations.

N = corrected values, obtained by the implicit equations in

which the predicted values are employed.

The predicted and corrected values are combined as follows:

UpGi ,k,f+1)

PGk, f+1)

n(j,k,L+1) = un(5,k,f+1)

n(j,k,f+1) = UR(j,k,f+1)

I

A
E(j,k,f+1) = UE(j,k,[+1)
where:

U = parameter.

The foregoing "predictor-corrector"

employed for the integration of ordinary differential equations.
* AN %
necessary to assign values to the parameters a, a,

4
T

-+

+

(1
(1
(1

(1

- U)z(] :k:["'l)

UGk, L)

NGk, f+1)

UE (3,k,L+1)

(C-10)
(C-11)
(C-12)

(C-13)

technique is similar to that often

It is

A
713 ‘Yla ‘Y_la 7_1)

At, Ax, and Ay, which appear in the difference equations, before numerical

% A
calculations can be made. The choices of Y, = v, =

1 1

A
=Yy = =]

-1
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provides the most accurate approximation to the partial derivatives of
the space variables. With these, or other choices, it remains to assign
wla
~ A . .
values to a, a, At, Ax, and AQy so that the system of difference equations

is numerically stable. However, a set of parameters could not be found

that resulted in a stable integration.
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APPENDIX D
FLOW DIAGRAMS AND SUBROUTINE LISTINGS
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ENTER

Figul

FLOW DIAGRAM OF SUBROUTINE BO!

INTERPOLATE
PARALLEL TO THE
X-AXIS

-

XDIST=XDISP (J)
JNP=JN-J
JJ2P=1324J

XDIST=XDIS(J)
JJI1IP=JJ1-J
JI2P=3J2+J

REFLECTION FOR

A SLOPE LESS

THAN OR EQUAL
TO 1/2

K

1, KU

K1 = K-1

K2 = K1*ISLOPE
IX = IX2 + K2
JJ1 = JYSM1-K1
JJ2 = 24Kl
NTEST = 1

I=1,
ISLOPE

[

JI=1,
4

WXO=W(JJ,IX-2, JJ1P)
WX1=W (JJ,1X-1, JJ1P)
WX2=W (JJ,1X, JJ1P)
P1(J1, ) =

XINT(WXO,WX1,WX2,X)
WXO=W (JJ,1X-2, JJ2P)
WX1=W(JJ,IX-1,3J2P)
WX2=W (JJ,1X, J32P)
P2(JJ,J) =

XINT (WX0,WX1,WX2,X)

CONTINUE

INTERPOLATE
ALONG THE
NORMAL

WX0=P1(J1,3)
WX1=P1(JJ,2)
WX2+P1(1J,1)
R(JJT,1)=

XINT(WXO,WX1,WX2,X)
WX0=P2 (JJ,3)

WX1=P2(JJ,2)
WX2=P2(JJ,1)
R(JJ,2)=

XINT (WXO ,WX1,WX2,X)

REFLECT VALUES

)

W(JJ,IX,JJ1+1)=

R(JJ, 1)

W(JJ,IX,JI2-1)=

R(JJ,2)

W(2,IX,JJ1+1)=
ZON1*COSBI-R(2,1)

W(2,1X,JJ2-1)=
ZON2*COSB1-R(2,2)

W(3)IX,JJ1+1)=
~ZON2*SJNB1-R(3.2)

[

W(JJ,1X,J71)=
R(JJ. 1)

W(JJ,1X,JJ2)=
R(JJ,2)

W2, 1X,JJ1)=
ZON1*COSBL-R(2,1)

W(2,1X,J32)=
ZON2*COSBL-R(2,2)

W(3,1X,3J1)=
ZONI*SINB1-R(3,1)

W(3,1X,JJ2)=
-ZON2*SINBL-R(3,2)

CONTINUE
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1

REFLECTION FOR
A SLOPE OF 1

g

REFLECTION AT
THE TOP

]

REFLECTTON AT
THE BOTTOM

CONTINUE

VIRTUAL POTNTS
FOR THE DIFFUSER

SECTTON

TNTERPOLATE
AL.ONG HORIZONTAL

ND INTEGRATION AND CONVERSION PROGRAM

WXO=W(K,1X-1,101)
WX1=W(K,1X,JJ1)
WX2=W(K,1X+1,JJ1)
Pl (K,L)=

XJINT (WXO, WX1,WX2 X))
WXC=W(K,IX~1,JJ2)
WX1=W(K,TX, JJ?)
WX2=W(K,1X+1,1J2)
P2(K,1)=

XINT (WXO,WX1,WX2,X)

P1(K,3)=
W(K,1X+1,JJ01-1)
P2(X,3)=
WK, TX+1 JJ2+1)

CONT 1y,

03

INTERPOLATE
S ALONG THE
NORMAL
K=l,4
N
i
N :

WX0=P1(K,3)

WX1=P1(K,2)

WX2=P1(K,1)

R(K,1)=
XINT(WX0,WX1,WK2,X)

WX0=P2(K,3)

WX1=P2(K,2)

WX2=P2(K,1)

R(K,2)=
XINT(WX0,WX1,WK2,X)

CONTINUE

REFLECT VALUES

=W (K,IX, JY3)

(K,IX+1,JY3)
WX2=W(K,1X+2,JY3)
P1(K,1)=XINT(WXN,
WX1,WX2,XX2)
P1(K,2)=W(K,IX+},1Y3=1)
WXO=W (K, 1X, J¥3-2)
WXI=W(K,IX+1,JY3.2)
WX2=W(K,1X+2,J¥3-2)
P1(K,3)=XINT (WX0,
WX1,WX2,XX1)

W(K,1X,JY3P1)=
R(K,1)

WK, IX, JY2M1Y=
R(K,2)

W(2,1X,JY3P1)=
ZON 1M

W{3,2X,J¥3P1)=
ZONI*STINE-R(3,1)

W(3,TX,JY2Ml )=
-ZON2*STNE-R(3,2)

WXO0=P] (K,3)
WX1=P1(K, 2"
WX2=P1(K,1)
R(K,1)=XINT(WXO,
WX1,WX2,X)

s

REFLECT
VALUES

!

W(K,1X, JY3+2)
=R(K,1)

WK, TX,J¥2-2)=
R(K.2)

W(2,1X,JY3+2)=
ZONI*COSINE-R (2,1

W(3,1X,JY3+2)=
ZON1*SINE-R(2,1)

RETURN

)

FOLDOUT FRAME )|
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FLOW DIAGRAM

o

TRANSFER AV
MATRIX

II=IL,
v

CALCULATE FINAL
VALUES

CALCULATE VALUES
OF Av

CONTINUE,

TRANSFER AVA
MATRIX

CALCULATE VALUES
OF AVA (K, I, J)

&

CALCULATE OTHER
VALUES OF AVA

CONTIL NUE!

FOLDOUT FRAME |

T IR(1).NE.5
LAND,
IR(I).NE,2

AVERAGE VALUES
AROUND THE HOLES

{coNTINUE

WITHDRAW ENERGY

AT THE HOLES

CONTINUE

Figut

OF SUBROUTI
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NE LINER INTEGRATION PROGRAM

SMOOTH THE
VALUES IN THE

X-DIRECTION

CALCULATE
AXvV

CONTINUE

CALCULATE TEMP

A(K,1,J)=TEMP(1)

CONTINUE,

SMOOTH THE
VALUES IN THE
Y-DIRECTION

CALCULATE
AYV

]

-

CALCULATE TEMP

o

!

A(K,I,§)=TEMP(J)

CONTINUE

RETURN

SO
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EGECMAIN
INTEGER * 4 TCCULAT,T,17

CCVMMON/CCM1/0w(S452423)y A(S543C45)y XMCN2(52,23), YMCN2(52,23),

1 VSC(S2,23), XMCM2A(3C,5), YMOM2A(3CyS5), VSCA(3C,5),

2 Cawv »GAM]1 vGAM2 »GANM3 +CELX +CELY ’

3 CELT +FUCGE ,SC » TNC W TTCL TP ’

4 CCAN3 +CIFCC Xk +ENERC  , XML »CMEGA L, THICK,

s SLE (P +EXP 1JMIC
CCMMON/CCM2/ ICRCP(2C) LIR(3C),

1 Ix1 o IX1M1  LIXIP1 ,1IX2 2 IX3 0 IX4 ’

2 IXavl ,IX4M2 LIX4M3 L,JY] »JYIML  HJYLIPL

3 Jy2 P JYZ2ML  L,JY2P1  ,JYZ2P2 ,JY3 oJY3ML

4 JY3NMZ2  LJY3P1  L,JY4 1 JY4ML  LJY4PL LJY5 ’

5 JYSM1  ,JYSM2 LISLCPE ,JEXL »JEXU

CCMMON/CCM3/C(2C) 4 XDIS(3)4XCISP(3)40FX(2),CFN(3),

1 SINBL  LCCSB1 LSINE +»CCSINE ,CIST +CISTP
2 ILEN o MESH s INISH

CCMMCN/CCM4/ XN s PC +7C +RHCO $XNCMC  ,YMCMC
1 AC + XLEN s YLEN +XSLOPE LSLCPE
2 CCN1 yCCN2 s IRKC o IM v IN +IE )
3 IPRES LANCPT

CCMMON/CCNS/TCCUNT 4 ToKICCFF,TT

CCVMOUN/CCME/TN(1243,23), TVALL2,2,22), XV(52), YV(23),

1 XVEL(242423), YVEL(2,23), SCNIC(2,2423), PRES{2,2,23)
CCMMON/CCMT/AV(1243,10)4AVA(124241C)4AXV(35),AYV(5)

CALL FCLCCK (RR, MIN, ISEC)

CALL CATE (MC, ICAY, IYR)

\ WRITE (6,1) MC, ICAY, IYR, HR, MIN, ISEC

‘ FCRMAT (1F1y 4X, 21HTEIS RUN WAS MACE CN , 3A4, 3HAT , 3A4)

: KICCFF = C
‘ TCCUNT = ¢
i CELT = C.C

INITIALIZE ANC REAC IN CATA

I CALL INTIAL
‘ IF (TCCUNT JLE. T) GC TC 1CC
WRITE (6,2) T, TCOLNT, T
! FCRMAT (1K1, 4+T = , I4, 14K ANC TCCLNT = , I4, 13H. INPUT HACK./
1 9THINCREASE T CR PRCGRAM hILL RUN INTC INFINITY. INFORMATIC
| 2N CN TAPE IS INTACT THRCLGk THE PREVICLS » 14, 13H DELTA-T RUN.)
| sSTCP

INPUT CATA PRINTCLUT
CALL PRINT (1)

TCCUNT = TCCULNT + 1

IF (T .EC. 0) GC TC 475
FINC A STABLE CELT

CALL STABLE

CCMPLETE MATRICES AT VIRTUAL PCINTS

D-10 MAIN -~ |



[aXaNal [aNaNal

aNaNal

[aNalal

4CC

450

415
480

5C0

€CC

CALL VRTLAL
CALCLLATE VALLES
CALL CGENPT
PRINTCLTY

IF (TCCUNT.LE.5)
IF (KICOFF.EC.1)

AT MESH PCINTS

GC TC 4cCoO
GC TC 4cCo

IF {(MCC(TCCUNT,TT).NE.C) GC T1C 450

CALL PRINT (2)

TEST TC CETERMINE IF RULN HAS BEEN CCMPLETEL

IF (TCCUNT.EC.T.CR.KICCFF.EG.1) GC TC 475

TCCUNT = TCOULNT + 1

CC TC 2cc

RRITE INFCRMATICN FCR RESTART

IF (MESH .NE. 1)

REAC (S,ENC=5CC)

GC TC 48¢C

WRITE (9) w
VSCA
CELT
CIfFCC
CP

WRITE (9) ICRCP
Ix1
IX4M2
Jyzel
JY4M]
JEXU

WRITE (9) C

1 ccsel

2 ILEN

WRITE (9) xm

1 XLEN

2 IRKC

WRITE (9) TCCLNT

WRITE (9) Tv

HWN -

WD WA

1 PRES
WRITE (9) Av
ENC FILE ¢
REWINC 9
sT0P
ENC

GC TC sco

SKIP

vA + XMCM2
sCANV »GAM]
+FUCGE ,SQ

» XK + ENERC
+EXF

s IR

*
+ IXIML L, IX1P1
v IX4M3  LuY]
1JY2P2  ,uY2
1JY4PL LUYS

+XDIS + XDISP
» SINE 2+ CCSINE

s PC » 10
+» YLEN *+ XSLCPE
y IM o IN
' 7 +KICCFF
2 TVA 2 XV
vAVA yAXV

s YMCM2
2 GAN2
+ INC

2 XML

»IX2

v JYINM]
2 JY3NM]
vJYSM]

+CFX
o CIST

»RHCO
» SLCPE
s IE
o 17
'YV

vAYYV

D-11

' VSC

+CAN3
o TTCL
»CMEGA

v IX3

»JYLP1
2JY3N2
1JYS5M2

s CFN
+CISTP

» XMCMC
+CCN1
+ IPRES

¢+ XVEL

s XMCM2A
s CELX

y TP

s THICK

y IX4
vJY2
»JY3P1
» ISLCPE

+SINB1

» YMCMO
+CCN2

» YVEL

s YMOM2A
»CELY
+CON3

+ QUE

- % @ e

2 IX4NM1
1 JY2M]
2 JY4

» JEXL

- v @ -

L]

vAC ’
1

»SONIC ,

MA IN

2



[aNaNal

[aNaNe!

VONOVN S WN -

15
16

20

DWW AN

WD W N

1
2

1
2
3

1

WA -

(S SO N

INTEGER * 4 TCCULAT,T,TT

CCMMON/CCM1/W(5,52,23), A15,3C45), XMOM2(52,23), YMON2{52,23),

sGAN3
+ INC
s ENERO

» I1X2

'JY1

2 JY2P2

v JY4M]
E JJEXL

YMCMZA(3C,5),

+CELX
«TTCL
P XML

2 IX3
vJYIM]
2 JY3
vJYar1
» JEXU

+COSINE ,CIST

+RHCO
s YLEN
oIM

» XMCMC

+CELY
' TP

+ONMEGA
+JMIOD

1 IX4
»JY1P]
pJY3M]
1JYS
+CISTP

» YMONMO

+XSLOPE ,SLCPE

¢ IN

vsSC(s2,23), XMCM2A(3C,5),

CAWV 'GANM] 2CANM2

CELT + FLOGE » SQ

CON3 +CIFCC 4, xH

CUE ' CP +EXP
CCMMON/CCM2/ ICRCP(2C) »IR(20),

Ix1 s IX1IMY1 L IX1IP1

IX4N1 1 IX4N2 L, 1X4M3

Jy2 rJYZ2EL L,JY2P1

JY3NZ  LJY3PL  LJYa

JYSM1  ,JYSM2  ,ISLCP
CGPMUN/CUM3/C(2C)QXDIS(3)9XDISP(3,.DFX(Z).CFN(3)o

SINBL LCCSB1l ,SINE

ILEN s MESH vIWISE
CCVMMON/CCM4G /XM s PO 2 1C

AC s XLEN
CCN1 s CCN2 » IRKQ
IPRES (NCPT

CCMMON/COMS/TCCUNT 3 T4 KECCFF,TT
CCMMOUN/CCME/TV(12,2,23), TVA{1242,22), XV(52), YV(23),

CCMMON/CCMT/AV(12,23

XVEL

FCRMAT (4110)
FCRMAT (5110}
FCRMAT (7F1C.C,
FCRMAT (811C)
FCRMAT (4E1C.C)
FCRMAT (3F1C.C)
FCRMAT (11, 2X,
FCRMAT (110, F1lC
FCRMAT (4F1C.C)

READ IN CATA

READ (5,7) MESH,

IF CINPUT -~ 2) 4C, 26, 15

(292,23),

El1C.C)

I1, €7X,
.C}

YVEL(2,

11)

InISE, INPLT

STEACY STATE INPLT

IF (MESH .NE. 1) GC TC 2¢C

REAC (8,ENC=20) SKIP

GC T1C 16

REAC (&) W s A
VSCA s GAV
CELT s FUCGE
DIFCC 4 XH
QP s EXP

REAC (8) ICROP IR
IX1 »IX1M]
Ix4aM2 ,1X4M3
Jy2prl  ,JY2P2
JY4&M] 2 JY4P]
JEXU

READ (&) ¢ «XDIS

P XMCN2
+GANM]
2 SCQ

+ENERC

* N
»IX1P1
vJY1
vJY3

1 JYS

+ XDISP

23), SCNIC(2,42,23),
+10),AVA(12,2,1C),AXV(35),AYV(5)

rYMCM2
21GANM2
»TNC
s XML

yIX2

1JYLM]
1JY3IML
vJYSNM]

+LFX

D-12

2 VSC

+CANM3
s TTCL
sCNEGA

+I1X3

tJYLPL
v JY3M2
»JYSM2

+LFN

v IE

+ XMCM2A
»CELX

1 TP

¢+ THICK

2y IX4
pJY2
vJY3P1
» ISLOPE

+SINB1

INITIAL

VSCA(30,5),

’
’

2+ TEICK,

v ® @ -

PRES(242,23)

2 YMOM2A
+CELY
»CON3

» QUE

v IX4M1
2 JJYZM1
1 JY4

» JEXL

< w w e

- @ »w e



laNaNel

aNalal

25

26
27

3C

46

1
2
REAC (&)
1
2
REAC (€)
REAC (&)
1
REAL (E€)
REWINC 8

RCAC (S44) ToTT NCPTHIRFC,INM,IN, IE,IPRES

REAL (5,6)

REAC (5,9)

CMEGA = CMECA®*CCN3

THICK = THICK/XLEN

GCC TC 45¢C

RESTART VALUES

IF (MESH «.NE. 1) GC TC 3C

REAC (S,ENC=2C) SKIP

¢C TC 27

READ (S) W s A XMCF2  ,YMCM2
1 VSCA '1CAN 2»GAN] 1CAN2
2 CELT yFUCGE ,SC + INC
3 CIFCC 4 XH sENERC XML
4 cp yEXP

REAC (S) ICRCP LIR ’

1 IxX1 yIX1IML O LIX1P1  ,IX2
2 IX4r2 L1X4M3 ,JY1 tJYLIML
3 JY2P1  4JY2P2 ,JY3 1JY3M]
4 JYaml  L,J4Y4PL ,JYS +JYSM]
5 JEXL '

REAC (S) C + XCIS +XDISP  LCFX

1 CCSB1 ,SINE +CCSINE HCIST
P4 TLEN

READ (S) XV 1 PC ' TC »RECO
1 XLEN + YLEN +XSLCPE ,SLCPE
2 IRFC oIV +IN o IE
REAC (G) TCCULNT ,7 +KICCFF ,TT
REAC (S) Tv »TVA P XV YV

1 PRES

REAC (S) AV yAVA s AXV 1AYV
REWINEC 9

REAC (S,4) ToTT4NCGPT,IRHC,IM,IN,IE,IPRES
GCC TC 4s5¢C

CCLC START

REAC (5,1}
REAC (5,20

ccsel
ILEN
XV
XLEN
IRFC
TCCULANT
TV
PRES
Av

» SINE +»CCSINE

yPC s TC
+YLEN 1 XSLCPE
oIV » IN

T yKICCFF
s TVA W XV

s AVA sAXY

TF, CF, EXP

CP = QP / CCN2 * CCN3

IF (IX1.EC.1) GC YC 45¢C
XML 9yCMEGATHICK
XML = XMU/{(PC*AC*XLEN)

CIST

+RECC
+SLCPE
o IE
o 17
' YV

yAYYV

LENX1,LENX2,LENX3,LENX4

LENYY,LENY2,LENY3 .1 FNY4, 1 FNYS

D-13

+CISTF

s XNCNC
+CCAN1
¢ IPRES

y XVEL

' V5C

2GAN3
+TTCL
+CNVEGA

yIX3

v JYLPL
yJY3N2
y JYSMZ

+CFN
+LISTP

¢ XNCNMC
»CCN1
» IPRES

s XVEL

’

» YMCMC ,AQ
'CC'\Z 2

'y YVEL » SCNIC

s XMCM2A L,YMCMN2A
+CELX »CELY

» TP +CON3

s THICK LQUE

v IX4 y IX4M1
1dY2 sdYZM1
1 JY3P1  ,JY4

+ ISLCPE L JEXL

+SINBL

’
+YMCMC L AQ
+CCN2 ’

+YVEL +SCONIC

INIT AL

- @ 9 e

- % w w»

’

2



[aNaNel

OOOON

REAC (5,3) x¥, PCy TC, GAM, FULCGE, CELXy DIFCC, CUE
REAC (5,4) ToTToNOPTLIRRC IV, IN,IE,IFRES

XML
CMEG
THIC
TP
P
Exp
CELY=C

it X i

C.C
= Ce
= Ce
C.C
C.C
CeC
ELX

CALCLLATE INCEXING CCNSTANTS

IX1I = LENX1 + 2
IX1¥M1 = IX1 - 1
IX1PL = Ix1 + 1
IX2 = LENX2 + 2
IX2P1F = IXx2 + 1
IX32 = LENX3 + 2
IX3P1 = Ix3 + 1
IX4 = LENX4 + 2
IX4M1 = IXx4 - |
IX4M2 = 1X4 -~ 2
IX4M3 = X4 - 3
JYL = LENYL + 2
JYIML = JYl - 1
JYL1P1 = JY1l + 1
JY2 = LENY2 + 2
JY2Ml = gyv2 - 1
JY2P1 = Jvy2 + 1
JY2P2 = JY2 + 2
JY3 = LENY3 + 2
JY3ML = JgY3 - 1
JY3M2 = Jv3 - 2
JY3P1l = Jy3 + 1
JY4 = LENY4 + 2
JY4Ml = Jgvy4 - 1
JY4P1 = Jy4 ¢+ 1
JYS = LENYS + 3
JYS5ML = JYs5 - |
JY5K2 = gys5 - 2
JEXL = Jy2

JEXU = Jv3

JMID = (JY5 + 1) 7 2

IF (IX1.€EC.1) GC TC SO
JEXL = Jy2wml

JEXU = Jy3pl

READ (5,€) XMU,CMEGA, THICK

CALCULATE CCONSTANTS

NCNODIMENSICNALIZE THE VARIABLES

XLEN = LENX4*DELX
CELX = DELX/XLEN
CELY = DELX

YLEN = LENYS#*CELY
GAM]1 = GAM - 1.
CAFZ = (GAM1/2.

D-14 INITIAL - 3




aNaNal

(e NaNal

s Nale)

1CC

112

114

CAM3 = (CAV - 3,)/2.
SQ = 1./S5QRT(2.)

RHECC = XM/1545.%#P0Q/TC
AC = SQRT(CAM*32.,2%PC/RKCC)

CCN1 = REOC*AC
CCN2 = CCONL1%AC/22.2
CCN3 = XLEN/AC

ENERC = PC/GAN1/CCN2
XNU = XML/ (PC*AC*XLEN)
CMEGA = CMEGA*CCA3
THICK = THICK/XLEN

INC = C.C

TTCL = 0.0

CUE = QUE / CCN2 * CCN3

TEST TC SEE IF CBLICGUE BCUNCARIES ARE PRESENT

ILEN = LENX3 - LENX2

IF (ILEN.NE.C) GC TO 100
ISLOPE = C

SLCPE = ISLCPE

XSLOPE = C.C

ICROP(1) = IX4 ¢+ 1

SINBl = C.0

€CsSBl = Q.C

GC TC 14cC

INFORMATICN FCR SUBRCUTINE BCUND

ISLOPE = ILEN/LENY2
SLOPE = ISLCPE

XSLOPE = -1./SLCPE
CIS = SQRT{{SLOPE*CELY)#%2 + DELY*%*%2)
SINBl = -CELY/CIS

COSB1 = SLCPE*CELY/DIS
CIST = CELY/CCSB1
EU = TSLCPE + 1

£C 11C I=1,ISLOPE

R = [#CELX

CS = -R*SINB1

C(I) = 3.#DIST - 2.%CS

CUIL) = 4.*CIST + 2.*%[U*CELX*SINEL

C 112 1=1,3
I

X< oM

= -P*DELY

CIS(I) = Y/SLCPE + 2.*CELX
CC 114 I=1,3
P =1

Y = —(P + l.)*CELY

XCISP(I) = Y/SLCPE + 2.*%CELX

CETERVMINATICN CF LINES WHERE PCINTS SHCULD BE CRCPPEC

TW o= ILEN/IS

[
L=y}

ane
e o

D-15 INITIAL



(aNaNe]

aNaNaNal

120

125

130

135

140

1¢0

170

180

CC 12C I=1,1IL
K=1T-1
ICRCP(I) = IXx2 + K*ISLCPE + 1

ICIS = 2

IFf (IX1.EC.1) ICIS =1
CC 125 I=1,ICIS

K= IL + 1

ICRCP{K) = IX3P1 + 3%]
ICROP(K+1) = Ix4 + 1

CECMETRY FCR THE CIFFUSER

CIS = SQRT((3.#CELY)**2 + DELY#*2)
SINE = CELY/CIS

COSINE = 3.%SINE

CISTP = CELY/CCSINE

CISP = 14/3.%CELX

CC 13C M=1,2
CFX{M) = CELX + MXCISP
CC 135 M=1,3

3 -7+ 1

CS = R*SINE
CFN{NM) = 3.%DISTP - 2.*%CS

ESTABLISKH INITIAL CONDITICNS

CC 18C I = 2,1Ix3
REAC (£+5) (W(KyIsdY5)eK=1,4)

IF (T.NE.IX1Pl) GC TC 1leC
JLE = 2
JUB = JYSVM1

IF (I.NEICRCP(LK)) GC TC 17¢C
LK = LK + 1

JLB JLB + 1

JuB Jug - 1

non

CC 18C J=JLB,JLB

WllsIsJd) = w(l,yI,JY5)/RECO
W{2914J) = W(2,1,JY5)/CCN1
W(3909J) = W(3,1,JY5)/CCN1
W(4ys1,J) = W(4,1,JY5)/CCN2

XMOM2(I4d) = W(2,1,J)%n(2,14J)/W(1,1,4)
YMOM2(I4Jd) = W{3s143J)%n(2yT9J)/W{1,1,J)

VSCIT,J) = (XMCNM2{I,d) + YMOP2(I,J))/W 1l,1,J)
W(Selsd) = GAMI*{W(4sI9d) — VSCUI4J)%0.5%0W(1,1,J))
CONTINLE

D-16
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1€5

10

210

260

280

3Cc

4C0

450

CC 150 I=IX3P1,IX4

IF (I.NE.ICRCP(LK)) GC TC 185
LK = LK + 1

JLB JLe - 1

JLB Jue + 1

CC 19C J=JLB,JLB
READ (£55) (W(KyI,d)4Kzly4)

h(lpl,J, = h(l.I,J)/RHCC
W(2,14d) = W(2,1,J)}/CCN1
W(3,1,J) = W(3,1,J)/CON1
Wl4yT4J) = W{4,1,J)/CCN2

XVMCM2(1,J) = h(Z’IpJ)*H(ZvloJ)/N(lv[’J)

YMOM2(1,J) = H(3.I’J)*N(3119J)/H(lol.J)

VSCUI,J) = (XMCM2{I,J) + YMCN2({T,J))/W(1,1,4)
W(S,14J) = GAMI*(W(4,1,J) - VSCUIoJ)20.5%w(l1,1,4))

CONTINLE
XH = GAM/GAMI*h(542,10)/h(1,2,10) + XMCM2(2410)/(2.%n{142,10))
IF (IX1.EQ.1) GC TC 45C

€C 30C 1=2,1x1
CC 21C J=2,JY1

A(I'I'J) = 1.C
A(2'IpJ) = C.C
A(B'I,J) = C.C
A(4,1,J) = ENERC

IF (I1.EQ.2) €C TC 23cC

IR(TI) = MCC(I,€)

1F (IR(I).EQ.C.CR.IR(I).EC-I.CR.IR(I)-EG.Z.CR.IR(I).EQ-S)GO T0 260
GC TC 3cce

AVERAGE VALUES ARCUNC THE HCLES

CC 28C K=1,4

SIGN = 1.0

IF (K<EQ.3) SIGN = -1.0

A{K,I,4Y1) (A(KyI4JYL) + W(K,1,JY1))/2.
W{KysI,JdY1) A(K,1,J4Y1)

h(KyloJdY4) SIGN*A{K41,44Y1)

CCNTINLE
IR(2) = 2

CEC 4CC 1=2,1Ix1

CC 4CC J=2,J4Y1

XMOM2A(T,J) = Al2,1+4J)%A(2,1,J)/7A11,1,4)
YMOM2A(T,Jd) = Al3,1,0)%A(3,1,J)/7A(1,1,4)
VSCA(I,J) = (XMCN2A(I,J) + YNCPM2AL{T,J))/A(1,51,4)
A(S5,1,J) = PC/CCN2

RETURN
ENL

INITIAL - 6
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S0

1CO

2CC

3sC

D WA e

NS WA e

SLEBRCLTINE STABLE

COMMON/CCML/Ww(5452423), A(5,2045)y XNCM2(52,23), YMON2(S2

123),

vSC(52,423), XMOM2A(3C,5), YMCM2A(3C,5), VSCA(30,5),

GAN 1GAM] 1GAMN2 1GAM3 +CELX sCELY
CELT +FLDGE ,SC » TNC » TTCL ' TP
CCN3 sCIFCC o XH . yENERC 4 XML »CMEGA
CLE 144 1EXP »JMID
CCVMMON/CCM2/ ICRCP(2C) L,IR(30),
Ix1 +IXIML  LIX1Pl ,IX2 » IX3 v IX4
IXarl ,IX4F2 LIX4M3 LJYI1 1JYIML LJY1PL
Jy2 1JY2ML LJY2P1  ,JY2P2 L,J4Y3 vJY3M1
JY3M2  LJY3PL  LJY4 pJYGML L JY4PL  LJYS

JYSM1  ,JYS5M2 LISLOPE ,JEXL o JEXU

CELY = 1C.C/CCAN3

LK =1
JLE = JYl
JUB = JY4

CC 2CC 1=2,1x4
IF (I.NE.IX1P1) GC TC 9C

JLe
Jue

2
JYSML

IF (I.NE.ICRCP(LK)) GC TC 1CC
LK = LK + 1

JLEB JLeg + 1

Jue Jus - 1

CC 2CC J=JLB,JLE

TCEL = SQ/{SCRT(GAM*W(S,I,J)/W(1,1,J)) + SCRT(VSC{I,J)))

CELTX = TCEL#*CELX

CELTY = TCEL*CELY

CELT = AMINL{CELT,CELTX,CELTY)
CONTINLE

CELT = CELT*FULLGE

IF (TTCL.GE.(TP - 1.CE-€)) GC TQ 35C
TCIF = (TP - TTCL)/CCN3
IF (TCIF.LE.CELT) CELT = TCIF

RETURN
ENC

.
’

+ THICK,

® »w o w

- STABLE



OO0

10

20

30

40

45

NN

LC P VU N

SUBRCLTINE VRTLAL

COMMON/COML/W(5+52,23)y A(5,30,5), XNMCN2(52,23),
vSC{€2,23), XMOM2A(3C,5), YMCM2A(3C,5), VSCA(30,5),

CA¥V 1 CAM] +GANM2 »GAM3
CELT +FLCGE ,SC 2 TNC
CCN3 +CIFCC yXH + ENERC
CLE +CP +EXP
CCMMCN/CCM2/ ICRCP(2C)Y LIR(30),
I1x1 o IXINML  LIX1P1 L,IX2
IX4M1  LIX4NM2  L1IX4M3  LJYV1
Jy2 2JY2ML LJY2P1 LJY2P2
JY3M?2 »JY3P1 1 JY4 pJY4M]
JYSM1  ,JYSMZ LISLCPE ,JEXL

VIRTUAL PCINTS FCR THE GENERAL MESK
PARALLEL TC Xx-AXIS

IF (IX1.EC.1) CC TC 45
CC 4C K=1,4

SIGN = 1.C

IF (K.EQ.2) SICN = ~1.C
CC 4C 1=2,IX1M1

If (I.EQ.2) CC TC 10

IF (IR({1)eFEQeCaCR.IR{I)eEQeleCRIR(I).EC.2.CR.IR{I).EQ.S) GO TO 2C

WKy I,JY1M1) SIGN*W{K,1,JY1P1)
W(K,1,JY4P1) SIGN*W(K,1,JY4N¥]1)
IF (K.NE.4) GC TC 40
XMCM2({I,JY1M1) XMONM2(1,JY1F1)
XMOM2(1,JY4P1) XVONM2(1,JY4M1)
YNMOM2{1,JY1M1) YMONM2(1,JY1P1)
YNOM2({1,JY4P1) YMONM2(1,JY4M1)
VSClI,JY1VM1) vSC(I,JylPl)
VSC{I,JY4P1) vSC(I,JYarl)

GC TC 40

h(KyT,JY1N])
W(Ky1,JY4P1)

AlKyI,JY1NL)
SIGN*A(K,I,JY1M1)

" w

[}
»H
o

IF (KoNE.4) GC
XMOM2(1,JY1M1)
XMOM2(1,JY4P1)
YMOM2(I,JY1M1)
YMCM2(1,JY4P1)
VSC(I,JY1IML) = VSCA(I,JYINM]1)
VSCUI,JY4P1) = VSCA(I,JY1NM1)
CCNTINLE

XNONM2A(I,JY1INM])
XNCN2A(I,JY1INM1)
YNONM2A(T,J4Y1MD)
YMON22A(I,JY1M1)

H oW -

CC 7C K=1,4

SIGN = 1.C

IF (K.EQ.3) SICN = -1.0
CC 7C I=IXl,1IX2

IF (IX1.EQ.1) GO TG S0
IF (I.NE.IX1) GO TC SC
WKy To1) = SIGN*A(K,1,3)

D-19

+CELX
» TTCL
» XML

v IX32
WJYIM]
' JY3
vJY4P1
v JEXU

YMCM2({S52,23),

+CELY '

» TP '
»CMEGA LTHICK,
»JMIC

s IX4 ')
WJYLIPL
WJY3Vl

rJYS5 »

VIRTUAL



OO

o [aNaNal (@] (@}

aFaXaNaXeg]

5C

€0

70

8¢

85

S0

52

95

WKy I[,4JYS5)
GCC TC €0

AlKy142)

W(Kylyl) = SIGN*W(KyI,3)
W(KyIyJdYS5) = SIGN*W(K,I,JY5M2)

IF (K.NE.4) CC TC 70

XMOM2(I,1) = W2, T41)%W(2y191)/W(1,s1,1)

XMCM2(T4JY5) = W(2919JYS)*¥W(2,T1,JY5)/W(l,y1,JY5)
YMCM2(1,1) = W(3,To1)*n(2,1,1)/W(1,1,1)

YNOM2(T14JYS5) = W(3,1,JY5)%R(3,1,JY5)/W(1,1,JY5)
VSQ(I41) = (XMCM2{I41) + YMOM2(TI,1))/W(1slsl)
VSC(I4JYS5) = (XNCM2(I,JY5) + YMOM2(1,JY5))/w(1,1,JY5)
CCNTINLE

IF (IX1.EQ.1) GC TC S92
PARALLEL TG Y-AXIS

CLC SC K=1,4

CC 80 J=2,JYI1VM]

W(KyIX19d) = A{KyeIX1,yd)

IF (K.NE.4) GC TC 80
XMOM2(IX1yJ) = XMON2A(IX1,J)
YNCM2(IX1,J) = YNCNM2A{IX1,4J)
VSCUIX1,J) = VSCALIX1,4J)
CCNTINLE

CC 85 J=JY4P1l,JY5V1

JJ = JYS5ML - J + 2

WKy IX1yJd) = A(K,IX1,JJ)

IF (K.NE.4) CC TC 85
XMOM2(IX1,d) = XMOM2ALIX1,4J)
YMOM2(IX1,J) = YMOMZA(IX1,JJ)
VSC(IXLl,J) = VSCA(IX1,JJ)
CONTINLE

CCNTINLE

CBLIQLE BOUNCARIES

IF (ISLOPE.EC.C) GC TC S¢
CALL BCUNC

IF (IX1.EC.1) GC TC 2CO
VIRTUAL PCINTS FCR THE ACCUSTICAL LINER

PARALLEL TO X-AXIS

CC 11C K=1,4

SIGN = 1.C

iF {KeEQe3) SIGN = —l.C
CC 11C I=2,Ix1

VIRTUAL
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aNaNal o

[aNale

S8

1C0
1C5

110

130

A(KyIysl) = SIGN*A(K,T1,3)

IF {1.EQ.2) CC TC <8

IF (IR(I)+ECeCeCR.IRII)EC.L14CR.IR(T)ECL2.CR.IR(I).EC.5)GC TC 1CO

AlKyI4JY1IPL) = SIGN*A(K,1,JY1M])

IF {KeNEo4) CC TC 11C

XNCM2A(T41) = A(2,1,1)%A(2,1,1)/A(1,1,1)
XMCM2A(TI,JY1IPLl) = XMCM2A(1,0Y1M1)

YMOM2A(Ty1) = A(3,1,1)%A(3,1,41)/A(141,1)
YMCM2A(T 4JYLPL) = YMCM2A(1,JY1NM]1)

VSCA(I,1) = (XMON2A(I,1) + YNCNM2A(T,1))/7A(1,1,1)
VSCA(I,JY1P1) = VSCA(I,JYLIM1)

GC TC 11¢C

A{KyI9JY1PLl) = wi(K,yI,JY1P1)

IF (KoNEJ4) CGC TC 11C

XNOMZ2A(T41) = A(2,1,1)%A(2,1,1)/A(1,1,1)
XMCM2A(T1,JY1P1) = XMCM2(I,JY1P1)

YMCM2A(I,41) = A(2,1,1)%A(3,1,1)/A(1,1,1)
YVOM2A(I,JY1P1l) = YMCM2(1,JY1P1)

VSCA(I,1) = (XMCNF2A(L1,1) + YNCM2A(I,1))/A(1,1,1)
VSCQA(I,JY1P1) = VSC(I,JY1Pl)

CONTINLE
PARALLEL TC Y-AXIS

CO 13C K=1,4

SIGN = 1.C

IF (KsEQ.2) SIGN = -1.0

CC 13C J=2,J4V1

A{Ky19Jd) = SIGN*A(K,3,J)

A(KyIX1IP14J) = WIK,IX1P1,J)

IF (K.NE.4) GC TC 13C

XMOM2A(14J) = Al241,J)%A1(2,14J)/7A(1,1,J)
XMOM2A(IX1IPLl,J) = XMCMZ2{(IX1P1l,J)
YNCMZ2A(1,Jd) = A(3,1,J)%A(3,14J)/7A(1,1,J)
YMCM2A(IX1P1l,J) = YMCM2(IX1P1l,J)
VSCA{LleJd) = (XMCM2AU(LyJ) + YNCM2A(1,J))/7A(1,1,3)
VSQA(IX1PLl,J) = VSC(IX1P1l,J)

CCNTINLE
CCRNER POINTS

CC 15C K=1,4

A(Kylyol) = (A(Ky1l,e2) + A(Ky2y1))/2.
A(Ky1yJYLIPL) = (A(Ky,1,JY1) + A(K,2,JY1PLl))/2.
A(KyIXIPLlyl) = W(K,IX1P1l,1)

A(KyIXIP1l,JY1IP1l) = W(K,IX1P1,JY1IP1}

IF (K.NE.4) GO TC 15C

XMOM2A({1,1) = A{29141)%A(2,1,1)7A(1,1,1)

XMCOM2A(14JY1P1) = A(2,1,JY1P1)*A(2,1,JY1P1)/A(1,1,JY1P1)

UasMai~ A s T e AT 3L . waAMAITVIAY YA
AFUNCAVLALFLYL) = AFLUIFCANIRLY RBP4

XMCM2A(IX1P1l,JY1PLl) = XMCM2(IXIPl,4Y1P1)

VIRTUAL
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YNOM2A(1,41) = A(3,1,1)%A(3,1,1)/A(1,1,1)

YNOMZA(L,JY1P1) = A(341,JY1PL)*A(3,1,J4Y1PL)/A(1,1,4Y1P1)
YMOM2A(IX1P1le1) = YMCM2(IX1P1,1)

YMOMZA(IX1Pl,dY1PL) = YNMCN2(IX1P1l,JY1P1)

VSCA(L,1) = (XMOM2A(Ll,1) + YNCM2A(L,1))/A(1,1,1)

VSCA(Ll,JYLPLl) = (XMON2A(1,JY1IP1) + YVMOM2AU1,4JY1PL))/A(1,41,3Y1P1)
VSQA(IX1P1l,y1) = VSC(IX1P1,1)

VSCACIXIPLl,JY1P1) = VSGQUIX1Pl,JY1Pl)

150 CCNTINLE
2C0 RETURN

ENC
SLBRCLUTINE INTIAL

VIRTUAL - 4
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o0

1¢C

l1cC

WA

VT D WA e

N

1

SLBRCLTINE BCUNC

CCMMCN/COM1/W(5452¢23)y A{5430,5), XMONM2(52423), YMOM2(52,23),

VSC152,23), XNMOM2A(3C,5), YNOM2A(3C,5), vSCAt30,5),

CA¥V 2GAM] yCAN2 +GANM3 yCELX +CELY ’

CELT »FUCGE ,SQ s TNC o TTCL o TP ’

CCN3 #DIFCC 4 XH yENERC 4 XML +CMEGA ,L,THICK,
CLE +CP +EXP oJMILC

CCVMMON/CCM2/ ICRCP(2C) +IR(30),

Ix1 »IXLNML  LIXIP1l L,IX2 s IX3 e IX4 ’

IX4M1  ,IX4M2 LIX4M3  L,JY1 WJYIML  LJYLIP1I |,

JY2 »JY2NM1  LJY2PL  LJY2P2 L,JY2 vJY3IML

JY3IN2  LJY3P1  LJUY4 vJYLGML L,JY4P1  LJUYS ’

JYSM1  4JY5M2  LISLCPE ,JEXL +JEXU

CCNNCN/CCPB/C(ZC)oXGIS(3)oXDISP(3).DFX(2)oCFN(3)v

SINE1l ,COSB1 LSINE »COSINE ,CIST oCISTP ,
ILEN +MESH v IWISH

CIVENSION P1(443)4P2(443),R(4,42)
CIVENSION XX{3)

XINT

ByCoX) = A + X®(B - A)/DELTA +
X¥(X = CELTA)#(C - 2.%B + A)/(2.%CELTA#%*2)

IF (ISLOPE.EC.1) GC TC 3C0O

REFLECTICN FCR A SLCPE LESS THAN CR EQUAL TC 1/2

KL
Iu

[}

Jy2 - 2
ISLCPE + 1

CEFINE CCCRCINATES OF P ANC ¥

CC 2CC K=1,KL

K1 = K - 1

K2 = K1*ISLCPE

IX = IX2 + K2
JJl = JYSKL - K1
JJ2 = 2 + K1
NTEST = 1

CC 2CC I=1,ISLCPE
CELTA = CELX

IX = Ix + 1

INTERPCLATE PARALLEL TC TEHE X-AXIS

CC 13C J=1,3
IF (NTEST.EC.2) €GO TC 11C

XCIST = XCISP(J)
JJip = gJ1 - J
JJ2P = JJ2 +
GO TC 12c¢

XCIST = XCIS(J)
JJip = Jgy1 - J
JJ2P = JgJyz + J

b2 BOUND - |



ano

[aNaNal

12C CC 13C JJ=1,4

WXC = W(JJ,IX=2,4J1P)
WXL = WlJJyIX=1,JJ1P)
WX2 = WlJJyIX,JJ1P)

P1UJJsd) = XINT (WXCoywXLlswX2,XCIST)

WXC = W(JJyIX-2,JJ2P)
WX1 = WlJdJyIX=-1,4J2P)
WX2 = WlJJyIX,J4J42P)

13C P2(JJsd) = XINT (WXOswX1,WX2,XCIST)
INTERFCLATE ALCNG THE NCRMAL

CELTA = CIST

x = c(rn)

IF (NTEST.EC.1l) X = C(IL)
CC 14C JJ=1,4

WXC = PL(JJ,s2)
WXl = PLl(Jdyc)
WX2 = PL(JJs1)
R{JIs1) = XINT (wXCoywX1lshX2,X)
WXC = P2(JJy2)
WXl = P2(JJ,2)
WX2 = P2(Jd,sl)

140 R{JJy2) = XINT (WXCywXlyhX2,X)
REFLECT VALUES
ICN1 2.*{R(2,1)*CCSBL + R(3,1)*SINBIL)

ICN2 2.%(R(2,2)%C0OSBL - R(2,2)*SINBIL)
IF (NTEST.EC.2) GC TC 1S8C

CC 15C JJ=1,4,3

W{JJeIX,JJ1+1) = R(JJ,1)

1SC W{JJyIXyud2-1) = R{JJ,y2)
W(2,IX,JJ141) = ZONI®CCSBL - R{(2,1)
W{2,IX,0J2-1) = ZCON2*CCSE1l - R(2,2)
h(3:1X30J141) = ZCNL#*SINBLl -~ R(3,1)
hi{3,01XyJU2-1) ==ZCN2*SINBL - R(3,2)

XMCM2(IX,3J1+1)
YNOM2(IX,JJ1+1)

W(29IXypJJL141)*R(24IX9JJ14+1 )/ Wil IX,0d141)

W3 eIXyJIL+L) %M (35 IX9JJ1+1)/M{1,IXyJJL+1)
XMOM2(IX,Jdd2-1) W(29I1X9JJ2-1)%M(241X9JdJ2-1)/n(1,1XsJ4J2-1)
YVMOM2(IX,JJ2-1) W3, IXyJJ2-1)%n(3,IXyJJ2-1)1/R(LyIX,Jd2-1)
VSQUIX9JJ1+41) = (XMOM2{IX,JJ141) + YMON2(IXeJJL1+1))/m(1ls1XeJdJ1+1)
VSCUIX9JdJ2-1) = (XNONM2(IX,JJ2-1) + YMON2(IX,JJ2-1))/w{l,1X,d02-1)
GC 7C 195

180 CC 19C JJ=1,4,3
WlJJdyIXeJdJ1) = R(JJ,1)

1S0 WlJJeIX9dd2) = R(JJy2)
W(24IXeJJ1) ZCN1*CCSB1 - R(241)

W(2,IXyJJ2) = ZCN2#CCSBL - R(2,2)
W(3,IXyJJLl) = ZCNL*SINBLl - R(3,1)
hW{3,IXsJJ2) =-ZCN2#SINBL - R(3,2)

IF (IX.NE.IX2) GC TC 192
CC1G1L=1,4
SIGN = 1.C

BOUND -
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TF{L.EC.3)SICN=~1.C
WILoIXoJILI=(STCN®W (L, IX,JIL-2)4ui{Ll,IX,JJ1))/2.
WL IXedJ2)=(SICN* WL, IX,JJ242)40(L,IX,JJ2))/2.

191 CCNTINLE

192 XMOM2(IX,JJ1)
YNOM2(IX,JJ1)
XMOM2(1IX,yJdJ2)
YMCNMZ(IX,JJ2)
VSCUIX,441) =
VSCUIX,Jd42) =

W(20IXoJJ1)*R{2IXsJJ1)/ WL,y IX,0JJ1)
W(3,IXyJI1)*MU3,IX,JILI/M{L,IX,J41)
W(29IXsdJ2)2M(29IX4JJ2)/RM(1,1IX4JJ2)
W 33 IXedJd2)%n{2,1X,JJ2)/W(1,1IX,332)
(XMCM2{IXeJJd1l) + YNONM2(IXaJUL1))/M(1laIX,d41)
(XMGM2(IX9JJ2) + YFOM2UIX,JJ2))/Wl1,41X,d402)

| T ]

195 IF (NTEST.EC.2) GO TC 20C

NTEST = 2
GC TC 1CC

2C0 CCNTIMNLE
GC TC 41¢C

REFLECTICN FCR A SLOPE CF 1

3C0 1 = [IXx2
J1 = Jys + 1
J2 = ¢
LC 4CC K=1,ILEN
I = I+1
Ml = 1T -1
iM2 =T - 2
J1 = Jl - 1
Jivl = g1 -1
J1v2 = g1 - 2
J2 = J2 + 1
J2P1 = J2 + 1
J2P2 = J2 + 2

REFLECTICN AT

Wilel,edl)
W{2,1,J1)
hWi(3,1,J1)
Wia,1,J1)
hW(lylyJLINMl)
W(2,1,J41M1)
hWi(3,1,J1M1)
W4, I,J1M1)

wowonon

REFLECTION AT

hil,1,J2)
hWi(2,1,d2)
W(3,1,J42)
Wl4a,1,02)
hW(l,y1,42P1)
wWi{2,1,J2P1)
wW(2,1,42P1)
wWl4,1,J2P1)

Moo

i #a

4C0 CCNTINLE

THE TOP BCUNCARY

WileIM2,01M2)
W(3,IM2,J1M2)
Wi2,IM2,J1V2)
Wl4a,yINM2,J1M2)
W(leIM1,J1M2)
-w{3,1M,01M2)
“h(20TML,J1M2)
Wla,IM1,J1NM2)

THE BOTTOM BCUNDARY

WileINM2,32P2)
W(3,IN2,J2P2)
h(24,1IM2,J2P2)
h{4,INM2,J2P2)
WllyINM1,U2P2)
-w{3,1M1,02P2)
“w(2,IM1,02P2)
W(4,1IM1,42P2)

BOUND -

D-25

3




[a¥aNaNaNal

[z N aXa

FINC VIRTUAL PCINTS FCR THE CIFFUSER
INTERPCLATE ALONGC THE HCRIZCANTAL

410 1ISTCP = 1
IF ((IX4 = IX3).GT.5) ISTQOP = 2
IX = 1x3
CC SCC N=1,ISTCP
JJl = JY3 + N
Jd2 = Jy2 - N

CC 48C M=1,3
CELTA = CELX
IX = IX + 1

€CC 43C L=1,2

J11 = JJl - L

J12 = JJ2 + L

X = CFX{(L)

IF (N.NE.2.CR.M.NE.l.CReL.NE.1) GO TC 420
X = 1e/3.%CELX

IX = IXx + 1

420 CC 425 K=1,4

WXC = W(K,IX-1,J11)

WXl = Wi(K,IX,J11)

WX2 = W(KyIX+1,J11)

PLIKyL) = XINT(WXOsnWXLoWX24X)
WXC = Wi(K,IX-1,d12)

WXl = W(K,IX,J12)

WX2 = h(K.IX+l.J12)

P2{KyL) = XINT(WXOswX1lyhX2,X)
425 CONTINLE

IF (N.EQe2.ANCoVF.EC.1.ANC.L.EC.L) IX = IX - 1
430 CCNTINUE

CC 44C K=1,4

Pl{Ky3) = W(KyIX+1l,4J11-1)
440 P2(Ky3) = WIK,IX41,312+1)
INTERPCLATE ALCNG THE NCRMAL

CELTA = CISTP

X = CFEN(M)

CO 45C K=1,4

WXC = P1{Ky3)

WXl = Pl{K,2)

WX2 = Pl(K,1)

R(Kyl) = XINT{WXCohX1lysWX2,X)
WXC = P2(K,3)

WX1 = P2(K,2)

WX2 = P2{K,1)

450 R(Ky2) = XINT{WXCshX1lywX2,X)

REFLECT VALUES ACRCSS BCUNCARY

BOUND - 4
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460

470

480
5C0O

600

650

ZCN1
I0N2

2.%(R(2,1)*%COSINE + R(3,1)*SINE)
2.%(R{2,2)*CCSINE - R(3,2)*SINE)

wnon

CO 46C K=l’4'3

WKy IXydJ1) = R(K,1)

WKy IXyJJ2) = R(K,2)

Wl2,IXyJJ1) = ZCN1*CCSINE - R(2,1)
W{29IX9JJ2) = ICN2#*CCSINE - R(2,2)
W(3,IXyJJ1) = ZICN1*SINE - R(3,1)

Wi(3,IX4JJ2) ==~2CN1#SINE - R(3,2)

XMOM2{IX9JJIL) = W29 IXoJJ1)*R{2,IX,JJ1)/R(1,IX,dJ1)
XMOM2(IX3JdJ2) = Wl29IX9JJ2)%N(2,1X9JJ2)/W(1,1X9dJ2)
YMOM2(IX9JJL) = W{AgIXyJJ1I*R(3,1IXsJdJ1)}/N(1l,4IX4JdJ1)
YMOM2(IX3JJ2) = W(3,IX,JJ2)%R(3,IX,JJ2)/W(14IX4JJ2)
VSC{IXyJJ1) = (XMOM2(IXeJJ1) ¢ YMOM2(IX,JULl))/R{1,1IX,J41)
VSQUIXyJJ2) = (XMOM2(IX,JJ2) + YMOM2UIX,JJ2))/W(1eIXeJdJ2)

CONTINLUE

CCNTINLE

IF (ISTOP.EC.1) GO TC 10CO
CELTA = CELX

IX = IX3 + 3

XX1 = le/3.%CELX ¢+ DELX
XX2 = 2./3.*%CELX

CO 6CC K=1,4

BWXC = W{K,IX,dY3)

WXLl = Wi{KyIX+1,JY3)

WX2 = Wi{K,IX42,JY2)

P1{Kyl) = XINT{WXO,WX1,WX2,XX2)
BWXC = W(KeIXyeJY2)

kX1l = W(K,IX+41,JY2)

WX2 = WiK,IX42,JY2)

P2({Kyl) = XINT{WXOsWX1,WX2,XX2)
PliKe2) = WilKeIX+1,JY3-1)
P2(Ky2) = wilK,yIX+1l,3Y2+41)

WXC = W(K,IX,JY3-2)

WXl = W(K,IX+1,JY3-2)

WX2 = W(KeIX42,JY3-2)

P1{Ke3) = XINT(WXOoWX1l,WX2,XX1)
BX0 = W(K,IX,JY2+2)

WXl = W(K,IX+1,JY242)

WX2 = W{KeIX42,JY2+2)
P2(Ke3) = XINT(WXOoWX1lyhX2,XX1)

CELTA = CISTP
X = 4.%DELTA - 8.*DELX*SINE
CO €5C K=1,4

WX0 = P1(K,3)
WXl = P1{K,2)
WX2 = Pl{K,1)
R(Kyl) = XINT(WXCyuX1l,yWX24X)
KXC = P2(K,3)
WXl = P2(K,2)
WX2 = P2(K,1)

R{Ks2) = XINT(WXCoWX1,WX24X)

BOUND - 5
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€6C

€70

1CCo

ZICN1
ICN2

CC €6C K=1,4,3
WiKyIX,JY342)
W(KyIX,yJY2=-2)
W(2,1X,JY3+42)
W{2,IX,JY2-2)
W(3,1X,JY3+2)
W(3,IX,JY2-2)

L I I TR T )

XMONMZ2(IX,JY342)
XNOM2(IX,4Y2-2)
YMONM2(IX,JY3+42)

)

YMOM2(IX,JY2-2
VSC(IX,3Y342)
VSQUTIX,4Y2-2)

RETLURN
ENC

2% (R(251)*CCSINE + R(3,1)%SINE)
2.%(R(242)%COSINE - R(3,2)*SINE)

R(K,1)

R{K,2)

ZCNL*CCSINE - R{2,1)

ZCN2#%CCSINE = R(242)

ICNL1#*SINE ~ R(3,1)
~ZON2*SINE -~ R(2,2)

W(29IX9JY342)80(2,IXJdY342)/0(1,1X,JY342)
W29 IX 0 JY2-2)%W(291X9JY2=-2)/W{1yIX,4Y2-2)
WU, IXeJdY342)%h(3,IX3JY342)/W(1yIXyJY342)
W33 IXgJY2-2)%0{3,1X4JY2-2)/N(1e1X,JY2-2)

BOUND

D-28

(XMCM2{IX,JY342) + YNCNM2(IX,JY3+2))/W(1l,sIX,3Y342)
(XFCNF2(IXeJY2-2) + YMON2(IXyJY2=2))/W(1eIX,aJY2-2)
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1CC

1C5
110

12¢

130

14C

SUBRCLTINE GENPT

INTEGER * 4 TCCULAT,T,TT

COMMON/COML/W(5952923)y A(5,20,5), XMCN2(52,23), YMOM2(52,23),

1 vVSQi(52,23), XMCM2A(3C,5), YMOM2A(3C,5), VSCA(30,5),
2 GAy vGANML 1GAN2 1GANM3 +LCELX +CELY J
3 CELT +FUCGE ,SC » TNC » TTCL o TP ’
4 CCN3 +CIFCC XK +ENERC  , XML 1CMEGA  ,THICK,
5 CLE (P +EXP »JMID
CCMMON/CCM2/ ICRCP(2C) LIR(3C),
1 IXx1 »IXIML LIX1PL1 ,IX2 »IX3 v I1X4 ’
2 IX4M1  ,1X4M2 ,IX4M3  ,JY1 +JYIML  ,yv1P1
3 Jy2 1JY2M1 L,JY2P1  LJY2P2  ,JY3 v JY3MI
4 JY3M2  LJY3PL LJY4 v JYANML 4 JY4PL1 L JYS ’
5 JYSML  ,JYSM2  ,ISLOPE ,JEXL »JEXU
CCMMON/CCM4/ XN +PC v 7C +RHCC » XMCMC  ,YMCMO
1 AC s XLEN + YLEN +»XSLOPE ,SLGPE ,
2 CCN1 »CCN2 v IRKCO o IM v IN v lE ’
3 IPRES 4NCPT
CCMMON/CCMS/TCCUNT,ToKICCFF,TT
CCMMON/CCME/TVI(12,3,23), TVA(12,2,22), XVI(52), YVI23),
1 XVEL(2+2423)y YVEL(2+23)y SCNIC(242923)y PRES{2,2423)

CIMENSICN TEMP (S52)
CIMENSION CUM(4,3,23), CLMA(4,23), CUME(4,23)

ESTABLISF INITIAL LEFTHAND BCUNCARY CATA

CC 14C J=JY1M1,JY4P1

IF (TCCUNT.GT.1) GC TC 120

YVEL{l,J) = W{2,2,J)/n{1,3,4)

€C 11C 1=2,3

IF (J.EQC.JYIM1.CR.J.EC.JY4P]1) GC TC 10C
SCNIC({1,1-19J) = SCRT(GANMEW(5,1,J)/W(l,1,4J))
PRES(14I-15J) = W{S,1,J)

IF (JoGT.JYLIM1) GC TC 1G5
PRES(1,I-14,JY1NM1) W(5,1,JY1P1)
PRES(1,1-1,JY4P1) wWiS5,1,JY4M1)

XVEL(19I=-15d) = W(2,1,J)/W{le1,4J)
CCNTINLE

XVEL(2414J) = XVEL(1,1,J)

€C TC 1l4acC

CC 13C I=1,2

SCNIC(1,1¢Jd) = SCNIC(2,1,4)
XVEL(1,1,J) = XVEL(2,1,J)
PRES(1,1I,J) = PRES(2,1,J)
YVEL(1,J) = YVEL(2,J)

CCNTINLE

CALCULATE VALLES AT GENERAL NESH PCINTS

D-29

GENPT



aNaNal

(X aNe]

[aKaXal

15C CCNTX

1€6C

165

168

170

178

CELT/(2.%CELX)

[/}

CONTY CELT/(2.%CELY)
CCNTXP = CCNTX%C.S
CCNTYP = CCNTYY*C.5
LK =1

JLV = Jyiwvl

JUV = Jvs4pl

JUVP = JLv - 1

JLB = Jvl

JUB = JY4

It =2

IV = 4

CHCCSE A VERTICAL LINE

CC SCC I=3,1x4NM]

IF (T1.EQ.2) CGC TC 18C

IF (I.LT.IX1M1) GC TC 17C
IF (I.GT.IX1IFL) GC TC 16C

JLv = 1

JUV = Jv$§

JUVP = JLv - 1
JLe = 2

JUB = JYSM]

GO 7C 17¢C

TEST TC CETERMINE IF CBLIQUE BCUNDARIES HAVE BEEN REACHECD

IF (I.CT.IX3) GC TC 165

IF (I.NE.ICRCP(LK)) GC TC 17¢C
LK = LK + 1

JLV = JLv + 1
JLv = Juv - 1
JUVP = JLv - 1
JLB = JLB + 1
JUB = Juek - 1
GC TC 17¢C

IF (1X1.ECeleCRLILEQ.IX4M1) GC TC 168
IF (T.NE.ICRCP(LK)-2) GC TC 1le8

LK = LK + 2

JLV = JLv - 1

JUV = Juv + 1

JUVP = Juv - 1

GC TC 17¢C

IF (I.NE.ICRCP(LK-2)) GC ¥C 17C
JiLg JLg - 1
JLUB Jug + 1

[ ]

TRANSFER MATRICES

CC 175 K=1,412
CC 175 J=1,JY5
TVIKsl9d) = TVIKe2,4J)

Tyt ;2.0 TVIK,2,4)

GENPT
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176

18c

190

2C0

22C

24C

1L
1L

L+ 1
IL

CALCULATE THE VALUES CF TV

CC 2CC II=TIL,IL
1A = II -1
IF (I.NE.3) 1A = 3

€O 2CC J=JLV,JLV

XMYM = W(2,1T1,0)%W(3,01,J)/W(1,11,J)
EM = W4y T10J)*n(2,11,J)7/0(1,11,4)
EN = W4, IT,J)*n(2,11,J)/0(1,11,4)

Tvil,1A,J)
TVI(2y1A,J)

—“h(2,11,4)

TVi3,1A,0) -XNMYM

TV(4,140,4) ~CANSEN + GAM2%W(2,11,J)*VSC(II,J)
TVI(5,14,J) “w(3,11,J)

TV(6,1A,J) -XMYM

TVIT,1A,J)
TviE,148,J)

L I I T I T 1

—CAMHEN + GAMZ2#W(3,11,J)*VSCI(I1,J)

]V‘Q'IA'J) = C.C

TVI1C,1A,J) C.C

TVill,IA,3) C.C

TVi12,1A,4J) H{ZsIT19JsTNC LNCPT)
CC=C.

FC=0.

XCULM=TVv(12,18,44)2CCN2

CONTINLE

IF (I.EQ.2) CC TC 24C
TRANSFER FMATRICES

CC 22C K=1,12

CC 22C J=1,J4Y5M1

TVA(Ky1yJd) = TVA(K,2,J)

ILP = U - 1

CALCULATE THE VALUES CF TvA
CC 40C I1I=1IL,ILP

IA = 11 -1

IF (I.NE.3) IA = 2

CC 4CC J=JLV,JLVP
IF (TalToIX1oeANCoa(JalToJYIMLlCRJCTLJY4)) GC TO 400

CC 25C K=1,4
IF (1A.EC.2) CGC TC 245

GENPT
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GANM3I®XMCM2(I14J) = GAML*W(4,11,J) + GAM2*YMOM2{II,J)

CANISYNCM2{114J) - GAFML1*W(4,I1,J) + GAM2EXMOM2(11,J)




242 CCNTINLE
STAR=C.25*(h(K,3.J)4h(K,2,J+l)4H(Kv3.J*Il*N(Ky2yJ))
CERIV=CONTX*(TV(K.Z,J)-TV(K,l,J)+TV(K,2.J*l)-TV(K.I'J*I))

1 *CDNTY‘(TV(K+4y2.J*l)-TV(K+4,2,J)*TV(K*4yl-J+l)-TV(K+4yl.J))
FEAT=C.25*(TV(KOE,Z'J)OTV(K#E,I.J+I)+TV(K*892.J+1)*TV(K*S,I.J))
TVA(Ky14J)=STAR+CERIV+HEAT
GC TC 249¢

245 CCNTINLE
STAR=C.25*(h(K,l#l.J)Gh(K,I.Jfl)*h(K,I*I,J+1)*M(K'19J))
EERIV=CON1X*(TV(Kv3.J)-TV(K,Z,J)*TV(K.3.J*1l—TV(K.Z.J*l))

1 +CONTY*(TV(K*4.3,J*l)—TV(K¢4'3,J)*TV(K#é.Z.J*l)—TV(K*&.Z.J))
FEAT=C.25*(TV(K*E,3'J)#TV(K+E.2'J+l)fTV(K+8.3.J*l)OTV(KfB,Z.J))
TVA{KyTA,J)=STAR+CERIV4FEAT

249 CCNTINLE
IF(K.NE.4)GCTC25C
XCLVM = TVA(4,1A,J) * CCNZ
SC=STAR*CCN2
CC=CERIV*CCN2
FC=FEAT®#CCN2

250 CONTINLE

270 XM2 TVA(2,1A,J)%%2/TVA(1,18,J)
YM2 TVA(3,1A,J0)%%2/TVA(1,1A,J)
XMYNM = TVA(Z,IA'J)*TVA(3.IA1J)/TVA(lolﬁ'J)
SUMSC = (XM2 + YN2)/TVA(1,1A,J)
EM™ TVA(Z:IA'J)‘TVA(49[A'J)/TVA(l'lAtJ)
EN TVA(3, 18, J)%TVA(4,1A,J)/TVA(1,1A,J)

[/ ]

H o

TVA(S,1A,J)
TVA(6,1A,J)
TVA(T,1A,J)
TVA{E,TA,J)
TVA{(S,1A,J)
TVA{1C,14,4J)
TVA(11,1A,J)
TVA{12,1A,4)

-TVA(2,1A,J)

GAM3%®XNM2 — GAMI3TVA(4,1A,J) + GAN2*YM2
~XMYM
—CAMSEN + CAMZ2*TVA(2,1A,J)*SUMSC
-TVA(3,1A,J)

—~XVYM

CAM3#YM2 - GAML*TVA(4,1A,J) + GAM2¥XM2
—CAN*EN + GAM2*TVA{2,1A,J)*SUNMSC

o hu

4C0O0 CCNTINLE

IF (I +EC. 3) GC TC 4C4

CC 4C1 K = 1,4

CC 4Cl J = JLV,JLV

CUM(Ky1,yJ) CLUNM(K,2,4)
4C1 CUM(K,2,J) CLFM(Ky3,J)

I8 = 1+1

IC = I+1

CC TO 405

—

4C4 1B =
Ic =

4C5 CC 4CS 111
ID=111-1
IF(I.NE.3)IC=3
CC 4C9 J = JLV,JLV
CUM(1.ID.J)=C.
CLN(2,1D,Jd)=C.

1g,I1C

GENPT - 4
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4C9

4C10

41C0

4150

42C¢C

4250

aNalg]

410

420
450

SCO

5C5

[aNaNel

CuM(3,1D,J)=C.
CUM(4yIC,J)=F{2,111,J,TNC4yNCFT)

CCNTINLE

IF (I -EC. 3) GC TC 4l0¢C
€O 4C1C K = 1,4

CC 4C1C J = JLV,JLVP
CUMA(K,J) = CULNB(K,J)

GC TC 42cCcC

CC 415C K = 1,4

CC 415C J = JLV,JuvP

CUMA(K 3 J)=Ca25% (CUN(Ky Ly J+1)4CUMIK 13 J)4CUNM(K 2, J+1)4DLM(K24J))
IF(K.NE.4)GCTC415C

XCLM = DUMA(K,J) * CCN2 / CCAM3

CCNTINLE

CO 425C K 1y4

CO 425C J = JLV,JLvVP

IF(K.NEL.4)CCTC425C
CUMB(K)J)=Ca25%(CUM(Ks3¢J+1)+CUMIK33J)+0UMIK24J+1)+DULM{Ky2,43))
XCLM = DLMEB(K,J) * CCN2 7 CCA3

CCONTINLE

CALCULATE FINAL VALLUES

CO 45C J=JLB,JLB

IF (TeLToIX1PloANCL{JebToJYLaCRoJGTLUY4S)) GC TO 450

CC 42C K=144

STAR=W(K,1,4)
CERIV=CONTXP*(TVIK,3,J)=TVIKylyJ)+TVA{K+4,2,J)-TVA(K+4,1,J)¢

1 TVA(K+4,2,J=-1)-TVA(K+4,1,J-1))+
2 CONTYPR(TVIK+4,2yJ+1)-TVI{K+4424J-1)+TVALK#8,42,J)~
3 TVA(K4B4249J=1)+TVA(K+8,41,J)-TVA(K+8,1,4-1))

FEAT=Co25% (CUMA(K,yJ)+CUMA(KyJ=1) +DUNMB(K,J)+DUME(K,d-1))
FEAT=C.5%(TV(K+8,2,J)+HEAT)

WiKyLyJ)=STAR4CERIV+FEAT

IF{K.NE.4)GCTC42C

SCFL=STAR*CCN2

CCFL=CERIV*CCN2

FOFL=FEAT*CCN2

XCUM=h{Ko1,J)*CCN2

CCNTINLE
CCNTINLE

CONTINLE
CTY=CELT#*CCN2I
FCRMAT (4X46KDTT = 4E13.4,5XTFDELT = ,E13.4)

CPEN END GF THE CHANMBER
CC 60C K=1,y4

CO 6CC J=JEXL,JEXL
KIKyIX44,J) = W(KyIX4N1l,J)
IF (K.NE.4) GC TC €&CC

AFOMZ{1X4yd) = WiZyiKagd ) ®ni{ZyiXaydiinileiRayii

GENPT -
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[aNaXal [a]

aNala!l

[aNaNa}

YNOMZ(IX4sd) = W (3,IX4,J) 2w (2,IX4yJ)/W{1l,1X4,J)
VSQUIX4,yJ) = (XMCM2(IX4,d) + YMCF2{IX4,J))/W(1,1X4,yd)
€CC CCNTINLE

IF {IX1.EC.1) GC TC ¢€1¢C

CALCULLATE VALUES CLE TG ACCUSTICAL LINER
CALL LINER (CCNTX,CCNTY,CCNTXP,CCNTYP)
SMCCTE THE VALLES

€1C XLAMCA = CELT/CELX
XLL = XLAMCA*DIFCC

IN THE X-CIRECTICN

IF (IX1.EQ.1) GC TC €15
IL = Ix1P1

ICL = IX2 + 4

CC TC €18

€15 IL = 2
ICL = IX3 + 1

€18 IL = IX2 - ISLCPE
LC €5C J=2,J4Y5M1

IF (J.EQ.JYLl) IL 3

IF (Jo.LELJY2) TIUL IL + ISLOFE

IF (J.EQ.JY2) ICL = IX3 + 1

IF (J.€T.JY3) IL = IL - ISLCPE

IF (J.EQ.JY4PLl) IL = IX1P1

IF (J.EQ.JEXL.ANC.IX1eNEL1) ICL = IX3 + 4

ILL =
Iy =
ICLL =

1
I

o=

L-
U +
ICL 1

€C 62C T=1LL,ILL
€20 XVII) = W(2,1,d)/W(1,1,J)

IF (JeLT.JEXL.CR.J.GTLJEXU) GC TC €3C
CC €25 I=1CLL,IX4
€25 XVIT) = W(2,1,J)/W(1l,y1,J)

€30 CC 645 K=1,4

CC 635 I=IL,IL
€35 TEMP(L) = W(KyI,d) + XLC*{ ABS(XV(I+1) — XV(I)) *(W(K,I+1,J) -
1 W(KyI1yed)) =  ABS(XV(I) = XV(I-1)) #{w(KyI1,4d) =
2 W(KyI=1,J)))
IF (JoLT.JEXL.CR.J.GT.JEXU) GC TC 641
CC £4C T=10L;TX&N)
€40 TEMP(I) = W(K,I,d) + XLC#*( ABS(XV(I+1) = XVII))*(W(K,I41,J) =

GENPT
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™

1
2

€41
€42

€43
645

€sC

€55

€58

€EC
€65

1
2
¢€7C

W{KeLyd)) = ABS(XV(I) = XV(I-1))%(W(K,1,J) -

WiKyI-1,4)))

CC 642 I=1IL,IL
W{KsIysd) = TEMF(I)

IF (JoLT.JEXLLCR.JILGTLJEXL)Y GC TC €45

CC €43 I=ICL,IXaM1
WKy yTI,J) = TEMP(I)

CCNTINLE
CCNTINLE

IN THE Y-CIRECTICN

LK =1

JLe = Jv1
Jug = Jvs
JLV = JYlM]
JLV = JY4P1

CC 68C I=3,1IXx4M1
IF (I.NE.IX1P1l) GO TC &S5

JLe = 2

Jue = Jysml

JLVY = 1

JUV = JY5

IF (T NE.ICRCP(LK).CR.I.GT.IX3) GC TC &58
LK = LK+1

JLB = JLEB + 1

JUB = JUB - 1

JLV = JLV + 1

Juv = Juv - 1

CC TC ¢6C

IF (IX1.EQ.1l) GC TC €60

IF (I.NEJICRCP(LK)) GC TC €6C
LK =LK + 2

JLB = JLB - 1

JUB = JUB + 1

JLv = JLv - 1

JUV = Juv + 1

CC €65 J=JLV,yJLV
YVUJ) = W{34T9d)/WlLly1,4d)

CC €75 K=1,5
IF (K.EQ.5) GC TC 671

CO &7C J=JLB,JLB

TEMP(J) = W(KyI,Jd) + XLC*( ABRS(YV(J+L) - YV(J)) *(W(K,I,J+1) -
Wi{KyIyd)) - ABSIYV(J) =~ YVI(J-1)) %(w(K,1,J) -
W(KyIyd=1)})

CONTINLE

D-35
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€71

€72

€73

€74
€15
68¢C

€81

€82

685
686

€86

€SC

CC 674 J=JLB,JLB
IF (K.EQ.S5) GC TC ¢72

W{KyIoJ) = TENMF(J)

IF (KeEQeleCReK.EC.4) GC TC €72
1F (AES“\(K’I'J)).LT.I.CE*’Cb) h(K!"J) = 0.0
CO TC €174

IF (W(KyIyJ)elEal.CE~0€) KICCFF = 1
GC TC €74

XMCM2(1,J) = W(29T19d)*¥N{2,1,J)/W(1,1,Jd)

YMCVM21(I,4) W(3,1,J)%0(2,1,J)/W(1,1,0)

VSCUIod) = (XMCN2(I,J) + YMCNM2(T,J))/W(1,1,4)
W(SeIsd) = GAMI*(W{4,1,4) - VSC{I,J)*0.5*W(1,1,4))
IF (W(S5,14J)eLEe1.CE-C6) KICCFF = 1

CCNTINLE
CCNTINLE
CCNTINLE

ZERC THE Y-MCMENTULM AT THE WALLS.
CC €81 1 291IX2

W(2,1,2) C.C
W(3,1,JY5M1) = C.C

FIX VALVES AT SUPERSCNIC NCZZLE.

If (JYS5 .EC. 13) GC TC 689
IF (JY5 .EC. 23) GC TC 6E&S

CC €82 K = 1,5
hi{KyG4,8) = W(KyS54,7)
W{KsG4,37) = W(K,94,36)

GC TC €8S
CC €8€& K = 1,5
h(K,‘I&yS) = h(K."E,(:)

hW(Ky48,19) h{K,48,18)

CONTINLE
EXTRAPCLATE THE VALUES

CC €SC K=1,5
CC 6SC J=JEXL,JEXU
WKy IX4,J) = WIKoIX4ML,4J)

LEFTHAND BCUNCARY CALCULATICAS

CC 7CC J=JY1M1,4Y4P1

YVEL(2,J) = h(2429J)/0W{1,43,J)

XVEL{2929d) = W(2939J)/0W(1,3,J)

CC 7¢C 1=2,3

IF (JeEQeJYLNMLCRJ.EQLJY4PL) GO TC 70C
SCNTIC12.1-1..1) = SCRYIGAM®W(S.T.J)/w(l,.1,4))

GENPT
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71¢C
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PRES(2,I-14J) = w{S,1,J)
CCNTINLE

CC 7CS 1=2,3
PRES(2,1-1,JY1M1)
PRES(24y1I-1,JY4P1})

W(S,1,JY1P1)
W(S,T,JY4M])

CC 71C J=JYl,JY4

SBAR = OoS*(XVEL{l,1,d) 4 XVEL{2,2,J) - SONIC(1,1,4) -

SCNIC(2,2,J))

C + XLAMCA®SBAR

C - XLANCA*SBAR

0eS*(n(1,2,J) + W(ly3,44))

= C.5%(SCNIC(1,1,J4) + SCNIC(2,2,J))

YVELC = C.S*YVEL(2,J)

{54290} = PRES(1424J) + RHC1*SCNICO*{XVEL(2,1,4) - XVEL(1,2,J)) +
Z1/22%(PRES(1419J) = PRES(2424J) -~ RHCL1*SCNICO*
(XVEL(1,14d) - XVEL{2,2,J))) - CELT*YVELO/(2.%DELY#*Z2)*
(PRES(1y24J¢1) - PRES{1424J-1) - RECL#*SCNICC*
(XVEL(1y1yd¢1) - XVEL{lylsd~1)) + PRES(1,1,J¢1) -
PRES(1y1,J-1) - RECL*SCNICC*

(XVEL(1429J41) —~ XVEL(1,2,J~1))) - CELT*RHOL*SONICO*%2/
{2.*CELY#Z2)# (YVEL(1,J41) - YVEL(1,J-1))

hW(l929J) = GAMFR{5,42,J)/7(2.¥XH*GAM])*

(1.0 + SCRT(1.0 + 2.#XH*(W(2,2,J)%CAM]1/
{GAPEW(S5,2,J)))%%2))

N
N
]

O N s
¢ 0

XVEL(2915J) = W(2920J)/0(1,2,J)

XMCM2(2,J) XVEL(2,1,J)%W(2,2,J)
YMGM2(2,J) W(2,20d)3W(3,2,d)/W(1,42,4)
VSC(2,d) = (XMCV2(2,J) + YMCM2(2,J) )/ W{142,4J)

won

W(4,2,J)

W(5529J)/GAML + VSG(2,3)%CeS5*W{1,2,J)

CONTINLE
IF (IX1.EC.1) GC TC 1CCC

AVERAGCE VALULES ARCUNC THE HCLES

CC g9¢CC 1=3,1Xx1
IF {IR(I})eNE.SeANDeIR{I)eNE«CoANCoIR{I)eNEe1AND.IR(I)oNE2)
GC 10 ¢9CC
CC e5C K=1,5
SIEGN = 1.C
IF (K.EQ.2) SIGN = -1.C
WKy TpdY1) = (W(KeledYLl) + AlK,[,JY1))/2.
W(K,T1,3Y4) = SIGN*W(K,1,JY1)
ALKy I,JY1) = W(K,I1,JY1)

IF (K.NE.S) GC TC 85C

XMOM2(T43JY1) = RE2,143JYL)*W{2,1,JYL)/W{Ly1,dY1)
YMOM2(T,JY1) = W{3,1,JYL)#W(3,1,JYL)/W{ls1,JYL)
VSQUT,dY1) = (XMCM2(T,JY1) + YMOM2{I,JY1})/W(l,!,JY1)
XMCM2A(T4JYLl) = XMCM2(1,JY1)

YMOM2A(1,JY1) = YMOM2(I,JY1)

VSCA(I,JY1) = VvSC(I,J4Y1)

XMOM2ET,0Y4) = w(2,1,0Ve)oul2,T,.0V4) /w1, ]

RSN E R AR A

lva)

GENPT -
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YNOM2(I,JY4) = W33 1,dY4)%h(3,1,dY4)/W{l,1,JY4)
VSCUI,JY4) = (XNCM2(1,JY4) + YNCN2(14JY4)) /W (l,1,4Y4)

€5C CCNTINLE
GCC CONTINLE

I1CCC TNC = TNC + CELT
TTCL = TNC*CCN?2

RETURN
ENC

GENPT - 10
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1C

2C

5C

1Co

1CS

2CC

N WA 0D W N

W N =

FUNCTICN + (INCEXyI4JySECyN)

INTEGER * 4 TCCUNT,T,T7T

CCVMMCN/CCML/0(5,52,23), A(5,2(,5),

CAV yGAM] 1CAN2
CELT »FLCGE ,SC
CCN3 +CIFCC 4XH
CUE (P +EXP
CCMMCN/CCM2/ ICRCPL2C)  LIR(2C),
IX1 fIXIMLI  ,IX1P1
IX4M1 y IX4M2 1 IX4M3
Jy2 2JY2M1  ,JY2P1
JY3NZ  LJUY3P1 L,JY4
JYSML  ,JYS5M2  LISLCPE
COMMON/CCM4/ XV PO » TC
AC + XLEN
CCN1 +CCN2 »IRFO
IPRES ,ANCPT

CCVMON/COFMS/TCCUNT ,THKICCFF,TT

CIVMENSION STCR({22)
F = C.C
CCLC START CPTICN

IF (J «LT. JY1 .CR. J .CT.
IF (1 <LE. 3) GC TC 1CCC

JY4) GC

[F{JY4eECe12.ANC.T1.CE.1€6)GCTC1COO0
IF{JY4.EC.22.ANC.T1.GE.3CIGCTCLICCC

IF(IX1.NE.1)CCTC2C
IF(JIY4.GT.12)GCTCIC
XFl=1.C

XF2=C.5

ALPFA = C.C4

CCTCSC

XFl=1.C

XF2=C.5

ALPHA=C.C1

GCTC5C

CONTINLE

XFl=1.C

XF2=C.S

ALPHA=C.C1

CCNTINLE

IF (N oNE. 1) GC TC 2CcC

TF{J.ECaJYLeCRLJLECLIYSL)CCTCLOS

F=XFL1*CUE2DELT
GCTOo1CCO
F=XF2#CQUE*CELT
CCTC1CCOo
CCNTINLE

XMCM2(52,23),
VSC(52,23), XMON2A(30,5),

YMCNM2A(3C,5),
2+ GAM3 sCELX
+INC » TTCL
+ENERC o XMU
2 IX2 y IX3
2JY1 rJYIML
2 JY2P2 ' JY2
vJYaM] »JY4P]
+ JEXL 2 JEXU
+RHCO » XMCMC
s YLEN » XSLOPE
oIM s IN
TC 1CCO

IF (TTCL .GT. (TP - 1.00-12)) GO TC 4CC

IF({1.NE.5)GCTCICCC

IFIA.FC.UYI.CR.LUJ.EC.JY4)GOT025C

IF(J.CT.JMIC)IGCTC210

F=XF1*CUE*CELT+ALPEA* (J-JYL1)*CP*CELT

D-39

YMOM2(52,23),

vSCA(3C,5),

+LCELY
» TP

+OMEGA
2JMID

v [X4
»JY1P1
2 JY3M1
2 JYS

» YMCMO
+SLCPE
» [E

L]
?

y THICK,

- w v e

-



210
250

400

450

5CO

55¢C
1CCO

GCTOo1CCC

F=XF1*CUE*DELT+ALPHA®(JY4-J)#*QP*CELT

GCT1C1cCCo
F=XF2*CQUE*CELT
GCTC1CCOo
CCNTINUE

IF(J.NE.JYL)COTCSCC

SLM=C.C
COUNT=C.C
EC45CuJ=JY1l,JY4
PRESS=W(S5,1,JJ)
SUM=SULN+PRESS
CCUNT=CCUNT+1.
AVGPRS=SUM/CCUNT
CONTINLE

IF(J.EC.JY1eCReJSECLJIYL)IGLCTCSSC
F=XF1*CUE*(W(5,14J)/AVGPRS)**EXP*CELT

€crci1cco

F=XF2*QUE* (W(5,14J)/AVGPRS)**EXPSDELT

RETURN
ENC

D-40
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aNale!l OO O

ol

12¢C

180

SUBRCULTINE LINER (CONTX,CCNTY,CCATXPCCNTYF)

INTEGER * &4 TCCUNT,T,17

CCMMON/CCM1/h(5952423)y A(5430,5)y XMOM2(52,23), YMOM2(52,23),

1 vSC(52,23), XMCMZ2A(3C,5)y YMCM2A(30,5)y VSCA(3C,5),

2 CAM 2GAM] 2CAN2 ¢CAM3 sCELX oCELY ’

3 CELT +FUCGE ,SC s TNC 2TTCL TP ’

4 CCN3 2CIFCC 4 XH +ENERO XML »CMEGA L THICK,

5 CLE s CP +EXP o JMID
CCVMMON/CCM2/ ICRCP(2C) IR(2C),

1 Ixl W IX1M] W IX1P1 2 IX2 o IX3 v IX4 ’

2 IxaMl1 2 IX4N2 s IX4M3 2 JY1 o JYIM] 2 JYLP1 ’

3 Jy2 o JY2N] 2JY2P1 2 JY2P2 L,JY2 JY3IML

4 JY3NM2 2 JY3P1 AL e JY4NM] 2 JY4P1 2 JYS ’

-] JYSML 2 JYSM2 +ISLCPE L, JEXL ' JEXU

CCMMON/CCMS/TCCUNT y Ty KICCFF,TT
CCMMCN/COMT/AV(1243410),AVA(12,2,1C),AXVI35),AYV(S)

CINMENSION TEMP(35)
INITIALIZE FCR CALCULATICNS

JLv 1

Juv JylpPl
JuvP = JLvV - 1
JLE 2
JLB Jyl
It =1
Iv = 3

CHCCSE A VERTICAL LINE

CC SCC I=2,1Ix1
IF (1.EQ.2) CO TC 18C

TRANSFER AV CCLUMNS

CC 12C K=1,8

CC 12C J=JLV,JLV
AV(K,14d) = AVI(K924J)
AVIK,2,J) = AVIK,3,4J)

It
Iu

IL ¢+ 1
IL

W

CALCULATE VALLES CF Ay

CO 2CC II=IL,IL
IA = 11
IF (I.NE.2) 1A = 3

CO 2CC J=JLV,yJLV
XMYM = A(2,11,J)%A(3,11,J)/7A(1,11,J)

EVM = AlG,yIT1,J)%A(2,11,J)/A(1,11,44)
EN AlG,11,J)%A(3,11,4)/A(1,11,44)

LINER =~ |

D-41
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AVil,1A,4)
AVI2,1A,4)
1
AVI(3,14,J)
AVia,14,4)
AVI(5,14,4)
AVI6,1A,J)
AVIT,18,4)

[ LI S (|

AV(8,14,J)

2C0 CONTINLE

—A{2,11,J)

GAM3®=XMCM2A(IT,4) - GAM1I*A(4,11,J) +
CAN22RYMCN2A(I1,4)

-XNYM

~CAN%EM + CAM2%A(2,11,J)*%VSCA(I1,J)
~A(3,11,J)

~XMYpN

CANI®YMCM2A(IT,4J) -~ GAMI*A(4,11,J) +
CAN2BXMCM2A(IT,J)

~GAMXEN + GAM2#%A(3,11,J)*ySCA(IT,J)

IF (1.EQ.2) CC TC 24C

TRANSFER AVA CCLUMNS

CC 22C K=1,1

2

CO 22C J=JLV,JLVP

22C AVAL(K,1,4) =

24C ILP = U - 1

AVA(K,2,J)

CALCULATE VALUES OF AvA

CC 4CC TII=IL,ILP

IA = 11
IF {(I.NE.2)

I

A =2

CC 4CC J=JLV,dLVP

EC 25C K=1,4
IF (1A.EC.2)
AVA(K,1,4) =

HWN e

GC TC 25C

245 AVA(K,1A,J)

LS S CUN N

250 CONTINLE

xXM2
yYm2

no

GC TC 245

Co25%(AlK924J) + A{KolyJ+1) + A(K,2,J41) + A(K,1,J))+
CONTX*(AVI(K,29J) = AVIK,1,J) # AV(K,2,J¢1) -
AV{K,1l,J+1)) +

CONTY* (AV(K+4,2,J+41) - AVIK+4,2,.J) + AVIK+4,1,0+1) -
AV(K+4,1,J))

Ce25%(A(KoI#1lyJ) + ALK 1 4J+1) + A(K,I+1,J41) +
A(K'[’J)) +

CONTX*{AV(Ky349J) = AVIKe2,J) + AV(K,3,J+41) -
AVIK,2,4+1)) +

CONTY® (AV(K+4,43,J+41) - AV(K+4,3,J) + AV(K+4,2,0+1) -
AVIK+4,2,J))

AVA(24TA,J)*%2/AVA(]1,1A,4)
AVA(3,1A,J)*%2/AVA(L1,1A,J)

XMYM = AVA(2,1A,J)2AVA(3,1A,J)/AVA(L,1A,J)
SUMSC = (XM2 + YN2)/AVA(L,1A,J)

EM = AVALG,TA,J)*AVA(2,1A,J)/AVA(1,]1A,J)
EN = AVA(4,1A,J)*AVA(3,12,J)/AVA(1,1A,4)

AVA(S5,1A,J)
AVAL6,1A,J)

-AVA{2,1A,4)
GANM3#XNM2 — GAMLI¥AVA{Ge1AyJ) + GAMZPYMZ

- LINER -



[g)

aNeN el

[ I ]

[aNaNe]

[aNaRal

AVA(T,1A,J)
AVA(B,IA,J)
AVA(S,1A,J)
AVA(1C,1A,J)
AVA(l1l,1A,J)
AVA(12,1A,J)

-XNYNM

~CANMSENM + GAN2FAVA(2,1A,J)%SUNMSC
—AVA(3,1A,J)

—-XMYM

GANIEYN2 ~ GANMIPAVA(4,18,J) + GAM2¥XM2
~CAN*EN + GAM22AVA(3,1A,J)*SUNMSC

[ Tl

4CC CCNTINLE
CALCULLATE FINAL VALUES

41C CC 45C K=1,4
CC 45C J=JLB,JLE
AlKyLad) = A(KyIyJ) + CONTXPR(AV(Ky3,d) - AVIK,1,J) + AVA(K+4,2,J)
1 = AVA(K+4,1,J) + AVA(K44,2,0-1) = AVA(K+4,1,d-1)) +
2 CONTYP* (AVIK+4,2,J41) ~ AVI(K44,2,J~1) + AVA(K+8,2,4) -
3 AVA(K+892,d-1) + AVA(K+B,1,J) - AVA(K+8,1,4-1))

450 CCNTINLE
SCC CONTINLE
AVERAGE VALULES ARCUNC THE HCLES

CO S5C3 1=3,1Ix1
IF (IR{I).NE.S.ANC.IR(I).NE.2) GC TC 5C3

CC 5C2 K=1,4

SIGN = 1.C

IF {KeEQe3}) SICN = -1.C

A(KyToJY1l) = (W{K,I,JYL) + A(K,I,dY1})/2.
WiKeIedY1l) = A{K,yI,JY1)

h{K,yI,JY4) SIGN*A(K,I1,JY1)

5C2 CCNTINLE
5C3 CCNTINLE

ENERGY WITHCRAWAL AT THE HCLES

£C 5C5 I=3,1x1M]
IF (IR(I).NE.S) GO TC 5CS

RHCBAR = .25%(A(1,1,JY1) + A(1,1+1,JY1) + A(1l,I+2,JY1) +

1 AllsI43,3Y1)) .
VELBAR = .25%(A(23,1,JY1)/A(1,1,JYL) + A(3,141,JYL)/A(L,141,JY1) +
1 A(3,142,JY1)/A(1,142,JY1) + A(3,143,JY1)/

2 A(l,1+43,4Y1))

R = 5*SQRT(2.#XMURFCBAR®CNEGA)
TENER = 3.141592652589792 * 1.5 % CELX * THICK % R % VELRAR*%?

Al4,1,JYL) = A(4,1,JY1) - TENER/3.

Al4a,141,4Y1) A(4a,yI+1,JY1) ~ TENER/6.
Al4,142,JY1) AlayI142,JY1) - TENER/G.
Al4,1+43,JY1) A(4,143,JY1) - TENER/3.

oo n

hW{4,1,4Y1) Al4a,y1,JY1)
Wl4,1,JY4) Al4,1,JY1)
WlGy1+1y3JYi) = A{delivinadvil

LINER - 3
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(2]

515

535
1
2

536

538

539

W(4,1+41,JY4)
Wl4,142,JY1)
W(4,142,JY4)
Wl4,1+43,JY1)
hWla,142,JY4)

Ala,I+41,4Y1)
Al4a,142,0Y1)
Alay,142,JY1)
Al4,1+43,JY1)
Ala,1+43,3Y1)

o nn

CONTINLE

SMCCT+ THE VALLES

XLC = CELT/CELX*CIFCC
CC 525 J = 2,JY1

CC S1C I=1,1IXx1P1
AXVITI)= A(241,J)/78(1,1,J)

CC S2C K=1,4

CC 515 I = 2,1Ix1

TEVMPUI) = AlKyIyd) # XLC*( ABS(AXV(I+1) - AXV(I))®(A(K,I+1,4) -~
A(KyIyd)) = ABS(AXV(I) = AXV(I-1))®(A(K,1,J) -

AlKyI=-144)))
CC S1¢ 1 = 2,Ix1
A(KyI,J) = TEMP(I])
CCNTINLE
CCNTINLE

CC 548 I = 2,1X1

CC 53C J=1,JY1P1

AYV(J) = A(3,1,J) / A(1,1,J)

CC 54C K=1,5

IF {K.EQ.S) CC TC ©3¢

CC 535 4 = 2,Jv1

TENMP(J) = A(K,T,J) + XLC#*( ABS(AYV(J+1l) - AYV(J))I®(A(K,I,J+1) -
AlKylyJ)) = ABSTAYV(J) = AYV(J-1))*{A(K,I,J) -
A{KyIyd=-12))

CQ 537 J = 2,JY1

IF (K .EC. 5) GC TC 539
AlKyI44) = TENP(J)

IF (KeEQel.CR.K.EQC.4) GC TC 538
TE (ABS(A(KyI3J))elLTeleCE-CE) A{K,1,J) = 0.0
GC YC 831

IF (A(KyI4J)eLE.1.CE-C€) KICCFF = 1
GC TC 537

XMGM2A(T9J) = A(2,14J)%A(2,1,J)/7A(1,1,J)
YNON2A(T4J) = B(3,1,J)%A(3,1,4J)/78(1,1,J)

VSCA(T.J) = (XMCNM2A(I,J) + YNCN2A(T1,J))/A(1,1,0)
A(51IyJ, = GANI*(A(‘O,]QJ) - VSCA(I)J)‘C.S*ﬁ(i.i’J);

- LINER -
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537
54C
545

IF (A(S,1,J)eLE.1.CE~-CE) KICCFF

CCNTINLE
CCNTINLE
CCNTINLE

RETLRN
ENC

D-45

1

LINER

5



SLBROLTINE PRINT (N)
INTEGER * 4 TCCUAT,T,TT

CCMMON/CCML/W(54525,23)y A{5,3C45), XMCN2(52,23), YMON2(52,23),

1 VSC(52,23), XMOM2A(3C,5), YMCN2A(3C,5), VSCA(3C,5),

2 GANV 2 GAM] +GAM2 +GAM3 vCELX +CELY ’

3 CELT » FUCGE +SC s TNC »TTCL » TP ’

4 CCN3 2CIFCC 4 XK +ENERO 4 XML +CMEGA LTHICK,

5 CLE QP +EXP sJMIC
CCMMON/CCM2/ ICRCP(2C) LIR(30),

1 IX1 s IX1NM1 » IX1P1 ,1IX2 2 IX2 2 IX4 ’

2 IX4M1 » IX4M2 s IX4aM3  LUY1 W JYINM] 2JY1P1 ’

3 Jy2 2JY2M1  LJY2P1  LJY2P2  ,JY3 »JY3INL

4 JY3v2  LJY3P1 1 JY4 pJYaMl »JY4GPL 4 JYS ’

] JYSM1 21 JYSNM2 » ISLOPE ,JEXL y JEXU
COPMON/CCPB/D(ZC),XCIS(3).XCISP(3).DFX(2).CFN(B).

1 SINBl1l LCCSB1 ,L,SINE +COSINE ,LCIST sCISTP

2 ILEN ¢+ MESH o INISH
CCMMON/CCM4/ XM o PC o TC +RHCOC ' XMNCMC  L,YMOMO

1 AC ¢+ XLEN + YLEN + XSLOPE ,SLCPE

2 CCN1 2 CCN2 s IRFO IV o IN o 1E

3 IPRES JNCPT

CCVMON/CCMS/TCCUNT o T,KICCFF,T1T
CCMMON/CCME/TVI12,3,23), TVALL12,2,22), XV{52), YV(23),

1

XVEL(2+92+23), YVEL(2,2

3), SCNIC(2,2,23)y PRES(242,23)

COMMON/CCOMT/AVI1243,10) ,AVA{12,2,1C)3AXV(35),AYV(5)

CIMENSION TEMP(13),XC(3),X0P(3)

1 FCRMAT
2 FCRMAT
31FCRNAT
41FCRMAT
SIFCRMAT
6tFORMA1
71FCRNAT
81FORNAT
91FCRNAT
IOIFCRMAI
lllFCRNAT
121FORMAT
131FCRNAT
141FORMAT
lSlFCRNAT

( /17/745,'% % % *
(//775,*LENX1 =*13,
TE6S,'LENX2 =113,
(/7754 LENY]L =113,
T69,*LENY3 =*13,
{7775, LENYS =*13,
TES, *PRINT INC ='13,
(//T5,*XLEN ='1PE13.5,
TES,*CELX =*El13.5,
(7/75,*SCUNC SP. ='1PEl13.5,
Té9,*FUCGE ='CPF5.3,
(//775,'PC ='1PE13.5,
T69,*'RHCC =*1PE13.5,
(*1* 165, *ENERGY®* /// T3,
T54, *1 = S5 T76, *I = 10°¢
(//T5,'CAM =*1PEL13.5,
T69,*DIST =*El13.5,
(//7T5,*SINBL ='1PEL13.5,
TE€S,*SINE ='E13.5,
(/7/775,*XCIST(1) =*1PE13.5,
T6G,*'XCIST(3) ='E13.5)
(/7754 XCISTP(1) ='1PE13.5,
TEG,*XCISTP(3) ='E13.5)
(//75,°CIFCC =*1PE13.5,
T69,'0MEGA ='1PE13.5,
(/7/775,'C ='1PE13.5,
TES,'N ='1PE13.5,
(/7/771Cl, *MESH =¢ [3)

INPUT

137,
T101

CATA AND CCNSTANTS
T37 ,'LENX2 =113,
T101,*LENXSY =*13)
T37 ,'LENY2 =413,
T101,'LENYS4 =713)
T37 ,*NUMBER CF TRIPS =113,
T101,*ILEN =713)

137 '.YLEN ='E13.5'
T101,°0ELY ='EL3.5)

T37 s*M.W. CF GAS ='El3.5,
T101,°TP ="1PEL3.5)

T37 ,'70 =*E13.5,

T101, "ENERO ='El3.5)

'TRIP* T1l4, °'TIME® T32, 'I =

TS8, *I =15' T120, *I = 20%)
T37 +'XSLCPE ='El3.5,
T101,°'DISTP ='€13.5)

T37 ,*'CCSE1 ='El3.5,

TIC1,*CCSINE ='EL13.5)

T37 +*XCIST(2) ='E13.5,

* % % %1)7)

2!

T37 +*XCISTP(2) ='El3.5,

T37,'MU =*1PEL3.5,
TLOLl,*LINER THKNS ='1PE13.5)
'CP ='1PE13.5,

v *NCPY =1'13)

PRINT



aNaNal

16 FCRMAT (T4, °'NC." T2€6, 'y = 12' 137, *y = 221 T48y 'J = 12 159,
1 'J o= 220 T7C, 'J = 12" TBLl, *J = 22¢ T92, 'y = 12¢ T103,
2 'd o= 22" Tll4, *J = 12' T12S, *J = 22°1)

17 FCRMAT (T4, °*NC.*' T2é, *J = 12* 737, *'J = 19°¢ T48, 'J = 12 7159,
1 'd = 16" T7Cy, *J = 12 181, *'J = 19* 192, vJ = [2¢ T103,
2 'J = 19" Tll4a, *J = 129 T125, *J = 19°*)
19 FCRMAT (1+C, 14, 2X, 1PE14.5, 1PE11l.2)
20 FCRMAT (TEo*'#*,T66,'C?'yT127,'%)
21 FORMAT (TEy'#* ,T27 %A% 4 TE6,°C*,T106, ' W?,T127,%%7)
22 FCRMAT (// 1P13E1C.2)
23 FCRNMAT (// T11,1P11€10.2)
24 FCRMAT (/7 T2141PSE1C.2)
25 FORMAT (/7 T21,1P7E1C.2)
26 FCRMAT (// T41,1P5E1C.2)
27 FCRMAT (// TS1,1P3E1C.2)
28 FCRMAT (1P13EL1C.2)
30 FCRMAT ('1DENSITY AT TIME =*1PEl4.5, T38,'CELY ='El4.5,
1 T€E4,*TNC ='El4.5, TS0, *TRIP NUMBER ='14//)
4C FCRMAT (*1X~MCMENTULM AT TINE ='1PE14.5, T38,'CELT ='El4.5,
1 Té4,"'TNC ='E14.5, TS0, *TRIP NUMBER =%14//)
50 FCRMAT ('1Y-MCMENTLM AT TIME ='1PE14.5, T38,°'CELTY ='El4.5,
1 T644*TNC ='El4.5, TGCy *TRIP NUMBER ='14//)
60 FCRMAT {*1ENERGY AT TIME ='1PEl4.5, T38,'CELT ='El4.5,
1 Té4,'INC ='El4.5, TS0, *TRIP NUMBER =1'14//)
70 FCRMAT ('1PRESSLRE AT TIME =*1PEl4.5, T38,'CELT ='El4.5,
1 T64,*TINC ='E14.5, T90,*TRIP NUMBER ='14//)

B0 FCRMAT ('1'///* ERRGR MESSAGE'//
1 ' CNE CF THPE FCLLOWING HAS BECCME LE
25S TEAN 1.CE-1C CENSITY,ENERGY ,OR PRESSURE. THIS MAY BE THE RESU
3LT OF INSTABILITY CR AN ERRCR.'/*' CHECK INPUT CATA CARCS FCR CCRRE
4CTNESS ANC TFHE PRINTCLTY CF THE INPUT CATA ANC CONSTANTS. FCLLOWING
€ IS A CUMP OF THE ARRAYS IN'/* CCMNMCN.'///)

81 FCRMAT (1lk+, T34, 1PEll.2)

82 FCRMAT (1H+, T45, 1PEll.2)

83 FORMAT (1H+, TS¢, 1PEl1l.2)

84 FORMAT (1K+, T€7, 1PEl1l.2)

85 FCRMAT (1k+, T78, 1PELL.2)

86 FCRMAT (1K+, T18S, 1PEll.2)

87 FCRMAT (1H+, T1CC, 1PE1l1l.2)

88 FCRMAT (1F+, T1lll, 1PEl1l.2)

89 FCRMAT (1lH+, T122, 1PEll.2)

NAMELIST/NAML/ W, XNCM2,YMOM2,VSC,yA,XNCM2A, YNOM2A,VSCA, D, IR,
1 ICRCP

CT = CELT*CCON3
IF (N.EQ.2) CC TC 130C

INPUT CATA PRINTCUT

L CUE / CCN3 #* CCN2
CPp CP 7/ CCN3 * CCN2
1Co »MIC Jys5/2 + 1

JLP = JYS5 - ¢
IF {(MIC.LE.8) JLP = VID + 1

PRINT - 2




[aNaNeNeal

aNaNal

3Ce

33¢C

JLP = MINC(MIC,E) - 1

CC 12C 1=1,3
XC(I) = XCIS(I)*XLEN
XCP(I) = XCISP(I)*XLEN

YL = YLEN%*XLEN

CX = CELX#*XLEN

CY = CELY®*XLEN

LENX1 = IX1 - 2
LENX2 = X2 - 2
LENX3 = IX3 - 2
LFAX4 = X4 - 2
LENYL = JY1 - 2
LENYZ2 = JY2 - 2
LENY2 = JY3 - 2
LENY4 = JY4 - 2
LENYS = JYS - 3

C = CIST#XLEN

CP = CISTP*XLEN

E = ENERC*CCN2

XNMLP = XMULSPC*AC*XLEN
CVMEGAP = CMEGA/CCN2
THFICKP = THICK®XLEN

WRITE (6,1)
WRITE {(642) LENX1,LENX2,LENX3,LENXS
WRITE (643) LENYLoLENY2,LENY2,LENY4
WRITE (6,4) LENYS,T,TT,ILEN

WRITE (645) XLEN,YL,CX,CY

WRITE (646) AC,XM,FUCGE,TP

WRITE (&£,7) PC,TC,RECO,E

WRITE (645) CAMXSLCPE,C,DP

WRITE (6,1C) SINBL1,CCSB1,SINE,CCSINE
WRITE (6413) CIFCC,XMLP,CLNEGAP,THICKP
WRITE (6414) CL, CPP, EXF,y NCPT

WRITE (6,415) MESK
WRITE (6,11) (XC(I),I=
WRITE (6,12) (XCP(I),1

CEPENCENT VARIABLE PRINTCUT

IF (IRFO.EG.C.ANC.N.EC.2) GC TC 40C
CENSITY PRINTCLT

WRITE (643C) TTCL,CT,TNC,TCOULNT

LK =1

LK1 = LK
JLg = 2

JLR = JYS5MI

CC 36C 1=2,1Xx4
IF (1.CT.IX1) GO TC 360

CC 33C J=2,JVY1
K =J-1
TEVP(K) = A‘iQiQJ;GRHCC

PRINT



34C

345

350

352

355
358

3¢0

365

3¢6

370

315

CC 34C J=JY1P1,4LP
K=K+ 1
TEMP(K) = Wll,1,J)*RFCO

K = K +
TEMP(K)

—

L]

Wil,I,MIC)*RHCC

CC 345 J=JLP,JY4
K=K+ 1
TEMPIK) = W(l,I,J)*RECO

€C 35C J=JY4P1l,JYS5M]
K=K + 1

JJ = JYSML - J ¢+ 2
TEMPIK) = A(1l,1,JJ)*%RKCC

WRITE (64,28) (VTEMP(K),K=1,13)

IF (I.EQ.IX1) GC TC 39¢C

IF (IR(I)eEC.5CR.IR(TI}EC.C.CR.IR(I).EC.1) GO TC 355
CC 352 M=1,2

WRITE (6,21)

GC TC 39C

CC 358 M=1,2
WRITE (6,2C)
GC TC 29¢C

IF (I.NEJICRCP(LK).OR.1.CT.IX3) GC TC 365
LK = LK ¢+ 1

LK1 = LK

JLE = JLE + 1
JLB = JuB - 1
GC TC 3¢¢

IF (1.NE.ICRCP(LK)) GC TC 36¢
LK = LK + 1

LK1 = LK1 - 1
JLE = JLB - 1
Jue = Jue + 1

CC 37C J=JLB,JLP
K= Jg-JLB + 1
TEMP(K) = W{l,1,J)*RFCC

K=K +1

TEMP(K) W{ly [4MIC)*RHCC

CC 375 J=JLP,JLE

K=K+ 1

TEMP(K) = WllyI,J)*RFCO

GC TC (38C,382,383,384,+385,386),LK1
IF (I.NE.2) GO TC 381

WRITE (6428) (TEFP(J)yd=1,K)
CC TC 29¢C

PRINT

D-49
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381

382

3es3

384

3es5

386
360

4CC

430

440

445

450

WRITE (6422) (TEMP(J),J=1,K)
GC TG 39C

WRITE (64923) (TEMP(J)yd=1,K)
CC TO 39¢C

WRITE (6424) (TEMP(J)yJ=1,K)
GC TC 39¢C

WRITE (6425) (TEMP(J)},J=1,K)}
GC TC 39¢C

WRITE (6426) (TEMP(J)yJ=1,K)
GC TC 29¢C

WRITE (6426) (TENP(J)4J=1,K)
CONTINLE

IF (IM,EQ.C.ANC.N.EQ.2) GC TC S50C
X-MOMENTUM PRINTCLUT

WRITE (644C) TTICL+CT,TND,TCOUNT

JLB = 2

JUB = JYSML
LK = 1

LK1 = LK

CC 4SC 1=2,1Xx4
IF (1.GT.IX1) GC TC 460

CC 43C J=2,JY1
K=J-1
TENMP(K) = A(2,1,J)*CCN1L

CC 44C J=JY1P1l,4LP
K=K+ 1
TEMP(K) = W(2,1,J)%CCN1

K = K +
TEMP(K)

—

wi(2,1,MIC)*CCN1

CO 445 J=JLP,4JY4
K=K + 1
TEMP(K) = W(2,1,J)*CCN1

CC 45C J=JY4P1l,JYS5M]
K=K+ 1

JJ = JY5ML - 4 + 2
TEMPU(K) = A(2,1+,JJ)%CCN1

WRITE (6428) (TEMP(K),K=1,13)
IF (1.EQ.1IX1) GC TC 490

IF (IR(I1)eEQa5<CR.IR(IVEQ.C.CR.IR(I)EC.L) GO TC 455
LCC 452 M=1,72

PRINT

D-50
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[}

455
458

4€0

4€¢5

4¢€6

4170

4175

480

481

482

483

484

485

486
450

5CO

WRITE (6,21)
CC TC 49¢C

CC 458 M=1,2
WRITE (6,20)
CC TC 49¢C

IF (I.NE<ICRCP(LK).CR.T1.GT.IX3) GC TC 465
LK = LK + 1

LK1 = LK

JLB = JLE + 1
JUB = Jue - 1
CC TC 4¢¢

IFf (I.NE.ICRCP(LK)) GO TC 466
LK = LK + 1

LK1 = LK1 - 1
JLE = JLe - 1
JUB = Jue + 1

CC 47C J=JLB,JLP
K= J- JLB + 1
TEFMP(K) = w{2,1,J)%CCNIL

K=K+ 1

TEMP(K) W{2,I,4MIC)*CON1

CC 475 J=JLP,JLB

K=K+ 1

TEMP(K) = w(2,1,J)*CCN1

GO TC (48C,482,483,48404854486),4LK1
IF (I.NE.2) GC TC 481

WRITE (6,28) (TEMP(J),yd=1,K)

€0 TU 4SC

WRITE (6422) (TEMP(J)yd=1,K)
CO TC 4SC

WRITE (6423) (TEMP(J),yJ=1,K)
CC TO 49¢C

WRITE (6,24) (TENP(J),4d=1,K)
CC TO 490

WRITE (6425) (TEFP(J)yJ=1,K)
CC TC 49¢C

WRITE (6426) (TENP{J)yd=1,K)
GO TO 49¢C

WRITE (6427) (TEMP(J),d=1,K)
CCNTINLUE

IF (IN.EQ.O0.ANC.NeEQe.2) GU iL 660G

PRINT

D-51
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(@]

530

540

545

550

552

555
558

5¢0

565

Y-MOMENTLM PRINTCLT

WRITE (645C) TTCL,LT,INC,TCCLNT

Jie = 2

JUB = Jyswvl
LK = 1

LK1 = LK

CC S9C 1=2,1IXx4
IF (I.CT.IX1) GC TC Sé¢C

CC 52C J=2,JVY1
K=J-1
TEMPIK) = A(3,1,J)*CCN1

CO S54C J=JY1P1l,JLP

K =K+ 1

TEFMP(K) = w(3,I,J)#CCN1
K=K + 1

TEVMP(K) = Ww(2,1,MIC)*CCNL

CC 545 J=JLP,JY4
K=K +1
TEMP{K) = W(3,1,J)%CCN1

CC 55C J=JY4Pl,JY5VM1

K=K+ 1
JJ = JYSML - g + 2
TEMP(K) = -A(3,1,JJ)*CCN1

WRITE (6428) (TENMP(K),K=1,13)

IF (I.EQ.IX1) GC TC 550

TF (IR(I)eEQeS5+CR.IR(IIEC.C.CR.IR(I).EC.1) GC TC 555

€O 552 M=1,2
WRITE (6,21)
GO TC 59¢

CO 558 M=1,2
WRITE (6,2C)
CC TC 590

IF (1.NEJICRCP(LK)CR.I.CT.IX3) GC TC 565
LK = LK + 1

LK1 = LK
JLE = JLE + 1
JUB = JuB -1
CC TC 5¢¢

IF (TI.NEJICRCP(LK)) GO TC Sé¢
LK = LK + 1

LKI = LK1 - 1
JLB = JLB8 - 1
JUB = JUB + 1

PRINT

D-52
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[ BN o]

[aNaNel o

5¢6

570

515

580

581

582

583

584

585

586
590

€CO

€cl
€C2

€05

CC S7C J=JLB,yJLP
K = J = JLB + 1
TENP(K) = wW{3,I,J)*CCAN1

K =K + 1
TEMPIK) = w(2,1,MIC)*CCN1

CC 575 J=JLP,JLE
K=K+ 1
TEVP(K) = w(2,1,J)*%CCN1

CC TC (58C+582+583,5844585+5€€),LK1

IF (1.NE.2) GC TC 581
WRITE (6,28) (TEMP(J),4J=1,K)
CC TC S9¢C

WRITE (6422) (TEMP(J) yJ=1,K)
GC TC 590

WRITE (6,23) (TEMPLJ),J=1,K)
GC TC S90

WRITE (64+24) (TENP(J),4J=1,4K)
GG TC 59¢C

WRITE (6525) (TENMP(J)sJ=14K)
CC TC £9¢C

WRITE (642€) (TEFP(J)yJ=1yK)
GO 71O sscC

WRITE (6427) (TEFP(J)9d=1sK)
CONTINUE

IF (IE.EQ.C.ANC.N.EQ.2) GG TC 70C
ENERGY PRINTCU

ICHOSE = IWISH

IF (N .EC. 1) ICHCSE = €

IF (ICHOSE .EC. C) GC TC 602
IF (TCCUNT .NE. 1) GC TC €02
WRITE (6,8)

IF (IX1 .NE. 1) CGC TC 601
WRITE (6416€)

CO TC €02

WRITE (6,17)

IF (ICFOSE .NE. C) GC TC 6CS
WRITE (646C) TTCLoCToTNC,TCOUNT
JLg = 2

JUB = JYSVMI

LK = 1

LK1 = LK

CC 6SC I=2,1IX4
IF (I.GT.IX1) GC TC €¢€0

PRINT
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CC €3C J=2,JY1

+CR. T LEC. 1C .0R. T .EQ. 15 .OR.

1$) GO TC €25

12) GC TC €2¢
1S) WRITE (é&,81)
12) WRITE (¢€,82)
1S) WRITE (¢,83)
12) WRITE (¢,84)
1S) KRITE (6,85)
12) WRITE (€,86)
1S) WRITE (¢€,87)
12) WRITE (¢,88)
19) WRITE (€&,89)

K=9 -1
TENMP(K) = Al4,1,J) * CCN2
IF (ICFOSE <.EC. C) GC TC €30
IF (I .EC. 2 .CR. I .EQ. S
1 I .€Q. 2C) GC TC €2¢C
GO TO €3¢
€20 IF (J .EC. 12 .CR. J +EG.
CC TC €3¢
625 IF (1 .EC. 2 JANC. J <EG.
IF (1 .EC. 2 ANC. J .EC.
IF (I JEQCe S <ANC. J JEC.
IF (I «ECe 5 4ANC. J .EC.
IF (I .ECe 1C .ANC. J <EG.
IF (1 .EC. 1C .AND. J oEG.
IF (1 .EQCe 15 .AND. J <EC.
IF (I .EQCe 15 .ANCe J <EG.
IF (I .EQ. 2C .ANC. J .EC.
IF (I .EC. 2C .AND. J .EC.
CC TC €3¢
€26 WRITE (6,15) TCCUNT, TTCL,

€3C CCNTINLE

CO 64C J=JY1P1,JLP

K =

K

+ 1

TENP(K) =

€33 1F

€35 IF

(1
(1
I

€38 WRITE
€40 CCNTINLE

K =

K

CrOSE
«EC.

.EQ.
€4C
.EC.
€aC
.Ec.
.Ec.
QEQ.
-EQ.
-EC.
-EQ.
-EC.
‘Ec.
.EC.
.EQ.
€4C

Wl4y1,J) * CON2

«EC. €) GC TC 64C
ECe 5 «CRa I <EC. 1C CRe I .EQ. 15 .CR.
2C) GG TC €33

2

12

2

«CR. I

«CR.

.ANE.
«AND.
«AND
.AND.
«AND.
«ANC.
.AAC‘
.ANC.
«ANC.

J
J

{6515) TCCLNT,

+ 1

TEMP(K) =

J

[ S S SN SR SN TR 2NN N

-EC.

.EQ.
~EC.
-EC.
.Ec.
.Ec.
.Ec.
<EC.
.Ec.
«ECQ.
«EC.

TT1CL,

W(4,[,FMIC)*CCN2

EC 645 J4=0LP,UY4

K =

K

+1

TEMP(K) =
IF (ICHOSE

IF
1

(1
1

+EQ.
-EQ.

CC TC €45

€41 IF

(J

-ECQ.

W{4,14J) * CCN2
«EC. C) GC TC €45
«CR. I <ECe 10 «CRe I .EQe 15 .CR.

2

+CR. 1

EC. 5

2C) CGC TC ¢41

12

-CR.

J

.EC.

TEMP(K)

19) GC TC 635

12) GC TC 638
15) WRITE (&,81)
12) WRITE (&,82)
1S) WRITE (¢&,83)
12) WRITE (€,84)
15) WRITE (&,85)
12) WRITE (&,86)
1S) WRITE (¢,87)
12) WRITE (€,88)
1S) WRITE (6,89)

TEMFI(K)

19) GO TC 642

D-54 .

TEMP (K)
TEMP(K)
TENP (K)
TEMP(K)
TENP (K)
TENP (K)
TEMP (K)
TEMP (K)
TENP (K)

TEMP (K)
TENP(K)
TENMP (K)
TEMP (K)
TEMP (K)
TENMP (K)
TENMP(K)
TEMP(K)
TENMP(K)

PRINT
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€43

€44
€45

€46

€47

€48
€50

€51

€55

€58

€60

GC TC €45

IF (1 .EC. 2 .ANC. J

IF (I .EC. 2 .ANC. J
IF (I 4FQe 5 JANC. J
IF (I «EC. S .ANC. J
IfF (1 +EC. 1C .AND. J
IF (I +4EC. 1C .ANC. J
IF (I «EG. 15 .ANC. J
IF (I .EC. 15 .ANC. J
IF (I +ECe 2C .ANC. J
IF (I «EC. 2C .ANC. J
GC TC €45

WRITE (€,19) TCCLNT,

CONTINLE

CC 65C J=JY4P1l,JYSM1

K=K+ 1

JJ = JYSML - g o+ 2

-EC.
.Ec.
<EQ.
.Ec.
.Ec.
-EC.
+EC.
<EC.
.Ec.
-EC.

TTCL,

TEVMP(K) = Al{4,1,JJ) * CCN2
IF (ICFOSE LEQ

12) €C TC €44

16) WRITE
12} WRITF
16) WRITE
12) WRITE
15) WRITE
12) WRITE
19) WRITE
12) WRITE
19) WRITE

TEMP(K)

« C) GC T1C 65¢C
‘CR. l .Ec. 10 .CR. I CEQ. 15 OCR.

(€,81)
(6,82)
(€,83)
(€,84)
(€£485)
(6,86)
(€,87)
(€,88)
(&,89)

(€,81)
(6,82)
(€,83)
(€,84)
(6,85)
(6+86)
(E,87)
(€,88)
(€,89)

IF (1 <EQ. 2 «CR. I .EG. S
I .€Q. 2C) GC TC €46
CC TC ¢5¢C
IF (J .EQ. 12 .CR. J .EQ. 19) GO TC 647
GC TC €50
IF (I <ECe 2 4ANC. J oEC. 12) GO TC €48
IF (I «ECe 2 .ANC. J .EC. 16) WRITE
IF (I «FQe 5 JAND. J .EC. 12) WRITE
IF (I <EQe S5 <AND. J .EC. 1§) WRITE
TF (I <EQCe 1C +ANC. J .EC. 12) WRITE
IF (1 .EC. 1C .ANC. J .EC. 19) WRITE
IF (1 «FQe 15 JANC. J <EQ. 12) WRITE
IF (1 +EQCe 15 <AND. J .ECa. 16) WRITE
IF {1 +EC. 2C .ANC. J .EC. 12) WRITE
IF (I .EC. 2C .AND. J .EC. 19) WRITE
GC TC e5¢C
WRITE (6415) TCOUNT, TICL, TEMP{K)
CONTINLE
IF (ICFOSE .NE. C) GC TG 651
WRITE (6928) (TEMP(K),K=1,13)
IF (1 .EC. IX1) GC TC 69C
IF (IR(I1)eEQeS<CReIR(T)eEQe0CRLIRII).EQL)
IF (ICFOSE .NE. C) GC TC 690
C0 652 M=1,2
WRITE (6,21)
GC TG 69¢C
IF (ICHOSE .NE. C) GC TC 650
CC &58 M = 1,2
WRITE (6,2C)
GC TC €90

IF (I.NEJICRCP{LK)<CRa1.GT.IX3) GO TC 665

ik =
LK1 =

ik ¢ 1

LK

D-55

TENP(K)
TEMP(K)
TENP (K)
TENMP (K)
TEVMP (K)
TEMP(K)
TENP(K)
TEMP(K)
TEMP (K)

TEMP(K)
TEMP(K)
TEMP(K)
TENP (K)
TENP(K)
TEMP (K)
TEFP(K)
TENMP(K)
TENP(K)

GO TC 655

PRINT

10



JLE
JLe
GC TC

JLe + 1

Jus
€EE

1

€€5 IF (I.NELICRCP{LK)) GC TC €¢é

LK =
LK1
JLE
Jue

LK +

LK1
JLe
Jus

1

<+

1
1
1

€€6 CC €67C J=JLB,JLP

e« I .EC. 10 «CRe I .EQ. 15 .CR.

(€,81)
(€,82)
(€,83)
(€,84)
(€,85)
(€,86)
(&6,87)
(€,88)
(€,89)

(€,81)
(¢€,82)
(&,83)
(€,84)
(€£,85)
(€486)
(€,87)
(€,88)
(€,89)

K= J - JLB + 1
TEMP(K) = Wl4,1,J) * CCN2
If (ICHOSE +.EC. C) GC TC 67C
IF (1 +EQe 2 «CRe I .EC. 5 <CR. I
1 I «EQ. 2C) CC TC ¢€€7
CC TC €7¢C
€67 IF (J EC. 12 <CRe J .EC. 22) GO TC ¢68
GC TC ¢7C
€68 IF (I .EC. 2 +ANC. J LEC. 12) €C TC €&S
IF (1 .EQ. 2 JANC. J .EC. 22) WRITE
IF {1 .EC. 5 +ANC. J .EC. 12) WRITF
IF (I +ECe 5 <ANDe J <EC. 22) WRITE
IF (I <EC. 1C +AND. J <EC. 12) WRITE
IF (I EQC. 1C .ANC. J .EQ. 22) WRITE
IF (I .EC. 15 «ANC. J .EC. 12) WRITE
IF (I .EC. 15 .ANC. J +EC. 22) WRITF
IF (I .EC. 2C .AND. J .EC. 12) WRITE
IF (1 JFC. 2C .ANC. J .EC. 22) WRITE
GC T0 ¢7¢C
€69 WRITE (6,19) TCCLNT, TTCL, TEMP(K)
€70 CCNTINLE
K =K +1
TENP(K) = w(4,1,MIC)*CON
CC 675 J=JLP,JLE
K=K+ 1
TEMP(K) = wW{4,1,J) * CCN2
IF (ICHOSE .EC. C) GC TC 675
IF (I .EQe 2 o.CR. I .EQe 5 .CR
1 I .€Q. 2C) GC TC €71
CC TC €75
€71 IF (J .ECe 12 .CRe J <EC. 22) CGC TC €72
CGC TC €75
672 IF (I .EQe 2 <ANC. J <EC. 12) GO TC €72
IF (I ECe 2 oANDe J <EC. 22) WRITE
IF (1 +EC. £ .ANC. J +EC. 12) WRITE
IF (I .EQ. S AND. J <EC. 22) WRITE
IF (I JEQ. 1C .AND. J oEC. 12) WRITE
IF (I «EC. 1C <AND. J <EC. 22) WRITE
IF (I 4ECe 15 JANCe J <ECe 12) WRITE
IF {1 .EQ. 15 .ANC. J .EC. 22) WRITE
IF (I +ECQCe 2C <ANCe J oEC. 12} WRITE
IF (I «ECe 2C «ANCe J +EC. 22) WRITE
CC TC €75
€73 WRITE (6,19) VTCULNT, TTCL, TEMPIK)

€75 CCNTINLE

D-56

eECs 1C 4CR. T .EQ. 15 .CR.

TENMP(K)
TEFP(K)
TEMP (K)
TENP(K)
TEMP (K)
TEMP(K)
TENMP (K)
TEMP(K)
TEFP (K)

TENP (K)
TEMP(K)
TENP(K)
TENP(K)
TEMP(K)
TENMP (K)
TEMP (K)
TEMP (K)
TENMP(K)

PRINT



(aNaNal

(3-1¢)

€81

€82

€83

€84

€85

€86
€sC

7C0

730

140

145

IF (ICFCSE .NE. C) GC TC 6SC

GC TC (680,682,683,6649685,686),LK1
IF (I.NE.2) GC TC 681

WRITE (6,428) (TENP(J),yJ=1,K)

GC TC ¢9¢C

WRITE (6422) (TEMP(J),Jd=1,K)
GC TC ¢9¢C

WRITE (6423) (TEMP(J),yJd=1,K)
CC TC ¢9¢C

WRITE (6,24) (TEMP(J)yJd=1,K)
GC TC €9¢C

WRITE (6425) (TEMP(J),yJd=1,K)
GC TC €9¢C

WRITE (6,26) (TENP(J)sJd=1,K)
GC TC 69¢C

WRITE (£,27) (TEPMP(J)J=1,K)
CCNTINLE

IF (IPRES.EC.C.ANC.N.EC.Z) GC TO 8CC
PRESSLRE PRINTCLT

WRITE (6,47C) TTCL,CT,TND,TCOUNT

JLE = 2

JUB = JYS5M]
LK =1

LK1l = LK

CC 79C I=2,1IX4
IF (1.CT.IX1) GC TC 7¢0

CC 73C J=2,JY1
K=J-1
TEMPIK) = A(S5,1,J)*CCN2

CO 74C J=JY1P1,JLP
K =K + 1
TEMP(K) = Ww(S,1,J)*CCN2

K =K + 1

TEMP(K) W(5,1,MIC)*CCN2

£O 745 J=JLP,JY4
K=K+ 1

TENP(K) = W(5,1,J)%CCN2
$v4

CC 17 J
K

5C J-
= K + 1

PRINT

D-57
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75C

152
155

758

76C

765

1¢€¢

770

115

780

181

782

783

184

JJ = JYSML - J + 2
TENP(K) = A(S,1,JJ)*%CCN2

WRITE (6,28) (TENP(K),K=1,13)

IF (I.EQ.IX1) GC TC 17s8C

IF (IR(I)eEC.5.CR.IR(I)eEC.C.CR.IR(I}.EQ.1) GO TC 755

CC 752 M=1,2
WRITE (6421)
GC TC 79¢C

CC 758 M=1,2

WRITE (6,42C)

GC TG 79¢C

IF (I.NEJICRCP{LK).ORI.CT.IX3) GO TC 765
LK = LK + 1

LK1l = LK

JLBE = JLB8 ¢+ 1]

JUB = JuB - 1

CC TO 1¢¢

IF {I.NE.ICRCP(LK)) GC TC 176¢
LK = LK + 1

LK1l = LK1 - 1

JLg = Jig - 1

JUB = Jus + 1

CC 77C J=JLB,JLP

K=J - JL8 + 1

TEMP(K) = w(S,1,J)%CCN2

K =K + 1

TEMP(K) = wW(E,I1,MIC)*CCN2

CC 775 J4=JLP,JLB

K=K +1

TEMP(K) = W(S,1,J)%CCN2

CC TG (78C+7€2,783,784,7€65,786),LK1

IF (I.NE.2) GC TC 781
WRITE (6,28) (TEMP(J)4Jd=1,K)

GC TG 79¢C
WRITE (6422) (TEMP(UJ)d=1,K)
€GC TC 790
WRITE (6,23) (TENMP(J)yd=1,K)
GC TC 79¢C
WRITE (6424) (TENP(J)yJ=1,K)
GO T0 719¢C
WRITE (6425) (TENP(J),yJ=1,K)

CC TC 79C

PRINT

| 3



185

786
19¢

800

aXaNe] (@} o o

(aNal

1CCo

RRITE (6426) (TEMP(J),yJ=1,K)
GC TC 79cC

WRITE (6427) (TEMP(J),J=1,K)
CCNTINLE

IF (KICCFF.EC.C) GC TC 1ccce
ERRCR PRINTOLY

WRITE (6,8C)

WRITE (6,NANM1)

RETURN
ENC

D-59

PRINT
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£G€4 NAIN

INTEGER *% 4 TCCULNT,T,TT

COMMON/CCM1/W(5,52,23),

A(54+3C,5),

XMCNM2(52,23),

YNMCM2(52

’23)'

’
14

»THICK,

- ® » -

1 VS5C(52422)y XMCM2A(3C45), YMCM2A(30,5)y VSCA(30,5),
2 CAM »CANM] 2 CAN2 9CAN3 +CELX sCELY
3 CELT »FLCGE ,5C ¢ TNC » TTCL » TP

4 CCN3 sCIFCC 4 XM ¢ ENERC 4 XML +CMEGA
5 CLE 1 CP s EXP +GUESS L GEE + IPEX
CCVMMON/CCM2/ ICRCP(2C) IR(20),

1 Ix1 » IXIMI LIX1IP1 LIX2 2 IX3 e IX4

2 IX4r01  ,IX4M2 L,IX4P3  ,LJY1 WJYIML LUYLP1
3 Jy2 yJY2M1  LJY2PL1  L,JY2P2 L,JuY3 2 JY3M]
4 JY2NMZ  LJY3PL  L,JY4 vJY4AML  LJY4PL  LJUYS

] JYSML  4JY5MZ  LISLOPE LJEXL 2 JEXU
CCMMCN/CCNM3/C(2C) 4 XCIS{3),XCISP(3),CFX{2),CFN(3),

1 SINBl  ,CCSB1 LSINE 2COCSINE LCISY «CISTP
2 ILEN

CCMMON/CCM4/ XM s PO » 10 »RECC s XMCMC ,YMOMC
1 AC » XLEN s YLEN +XSLOPE ,SLCPE
2 CCN1 2 CCN2 s IRHC oIV o IN s 1E

2 IPRES NCPT

COMMON/CCMS/TCCUNT o THoKICCFF,TT

CCMMON/CCME/TVI1243,23)y TVA(12,2,22), XV{52), YV(23),

1

XVEL{(2,2423),

YVEL(2422), SCNIC(2,2,23), PRES

CCMMON/CCMT/AVIL1Z52,10) 0AVAL12,2,410)4AXVI35),AYV(5)

CIMENSICN Y1(52),

XINT(A,B,C,X) =

REAC

SN e

REAC

DWW A e

REAC

N

REAC
1
2
READ
REAC
1
REAC
REAC

(g)

(€)

(8)

{g)

(g)

g}

(g)

W
VSCA
CELT
DIFCC
QP
ICRCP
Ix1
IX4M2
Jyael
JYaml
JEXL
C
coss1l
ILEN
XM
XLEN
IRKC
TCCUNT
TV
PRES
AV

(EyENC=12C)

Y2(52)

1A

2 GAW

+ FUCGE
¢+ XH
+EXP

v IR

y IX1IM]
s IX4NM3
1 JY2P2
v JYGP]

2 XCIS
s SINE

2 PO

s YLEN
9 IM

' T

» TVA

vAVA

» XMCM2
»GANM1
»SC

+ENERC

'
+IX1P1
1 JY1
2JY3

2 JYS

+XCISP
+CCSINE

» TC
+XSLOPE
»IN
+KICCFF
P XV

1 AXV

EXPANC IN THE VERTICAL CIRECTICN

2 YMCM2
9sCGAN2
s TNC

P XML

o I X2

WJYLINM]
2+ JY3ML
e JYSML

+CFX
+CIST

+RHCO
+SLCPE
+1E
! 1T
'YV

1AYY

A+ X¥(B - A) + X¥(X - 1.0)*%(C -

' VSQ

+GANM3
2TTCL
+OMEGA

»IX3

+JY1P1
rJY3N2
»JY5M2

+CFN
+CISTP

W XPCMC
+CCN1
+ IPRES

» XVEL

2.%B + A

s XMOM2 A
+CELX

2 TP
+THICK

v I X4
2JY2
»JY3P1
+ ISLOPE

+SINB]

» YMOMO
+CCN2

+ YVEL

MAIN

D-62

(242423)

V/72.

e YMOM2A
+CELY
+CON3
+QUE

- ® @ e

s IX4M1
v JY2ZM]
AL

»JEXL

* ® w e

’

vAQ ’

»SONIC

(CONV) - |




aNaXal

12C

13¢C

135

140

A
Yy
(e N »]

25C

JMAX = (JYS - 2)/72 + 1
JMAXN] = JNMAX - ]
JVAXM2 = JMAX - 2

ISUVM = JMAX + JMAXNM]

ISLML = ISLVM ¢+ )
LK = 1

JL1 2

Jul JYS5/72 + 1

CC 2CC I=2,1Ix4

CC 15C K=1,4

KK = C

CC 13C J=Jtl,JL1
KK = KK + 1
YL(KK) = W(KyI,J)

CC 135 L=1,JMAXN2

WXC = YL(L)

WXL = Y1(L+1)

bX2 = YL(L+2)

Y2{L) = XINT(WXCyWX1,WX2,.5)
WXC = YL(JNAX=2)

WXl = YL(JVAX-]1)

WX2 = YL(JNAX)

Y2(JMAXML) = XINT{(WXCsthX1yWX2,1.5)

KK = [SUMI + 2

CC 14C J=2,JMAX

J1 = JMAX - J ¢ 2

KK = KK - 2

hW{K,T4KK) = Y1(J1)
WKy, I,KK=-1) = Y2(J1-1)
WiKyI42) = Y1(1)

CCOCNTINLE
CCNTINLE

EC 25C 1=2,1X4
CC 25C K=1,4

SIGN = 1.C

IF (K.EC.3) SICN = -1laC

CC 2%C J=1,ISLV

J1 = ISurl +

J2 = ISuvl -

Wi{KyIyJl) = W(K,1,J2)*SICGN
CCNTINLE

EXPANC IN THE FCRIZCNTAL DIRECTICN

ISLM3 = 2#%1SLV¥
IvMAX = [Xx2 - ISLCPE ~ 1

JJd = 1
CC SCC J=2,1ISLNM3
MM = J ¢+ ]

MAIN

D-63

(CONV)

2




320

340

350

385

39¢C

IMCC = MCD(MV,2)

JJ = IvMOC + JJ

IF (IMCCeEC.CoANCoJJeLT.JY3) GC TQ 355
IF (IMCC.EC.1.ANC.JJ.GE.JY3) GC TC 355
IF (JJ.LT.JY2) GC TC 31C

IF (JJ.EC.JY2) CGC TC 320

IF (JJeGTaJY2.ANCoJJ.LT.JY3) GC TC 355
IF (JJ.EC.JY3) GC TC 330

GC TC 34¢C

IMAX = IMAX + [SLOPE

L = IvAX - 1]

NUTS = C

CC TC 3sC

IMAX = [MAX + ISLCPE + 5
IV = IFMAX - 1

NUTS = 1C

CC TC 25¢C

IMAX = IMAX - ISLCPE - S
IL = IvAX - ]

NLTS = C

€C TC 3s5C

INAX = [MAX - ISLCPE

IL = IMAX - ]

IMAXPL = IMAX + 1

INAXM2 = [MAX - 2

ISUMZ = IMAX + IL + 1
CC 4CC K=1,4

CC 38C I=2,1MAXP]
YI(I-1) = W{K,I,J)

CC 3285 L=1,INMAXNM2

WXC = Y1(L)

WXl = YL(L+1)

WX2 = Y1l(L+2)

Y2(L) = XINT{WXCoWXlyWX29.5)
WXC = YL({IMAX-2)

WXL = YL(IMAX-1)

WX2 = YL{INMAX)

Y2{IL) = XINT(WXCyhX1lyhX241e5)

KK = 1

hi(Ky2,J) = Y1(1)

CC 3SC [=2,1IMAX

KK = KK + 2
W{KeKKeJ) = Y2(1I-1)
W(KyKK+1,J) = Y1(I)

IF (JJ.GT.JY2.CR.INMOCL.EC.C) CO TC 294

IL = ISUM2 - 2*%ISLCPE + 1 - NUTS
CC 391 I=1Le15LM2

MAIN (CONV)

3




o OO0

(aNaNal

391

364

395

4Ce
5Ce

CC 351 M=1,1C
JP = g - ¥

IF (JP.LE.1) GC TC 391
h(K’[pJP) = h(K’i,J)

s YNCM2
eGANM2
o TNC

o XML

» IX2

pJYLIM]
1 JY3M]
2 JYSM]

2OFX
s CIST

»RHOO
» SLCPE
o [E
o 1T
'YV

rAYV

CCNTINLE

IF (JJeLT.JUY2.CR.IMOC.EC.0) GC TC 4C¢C
IL = ISUM2 - 2%ISLCPE + 1 - MNUTS
CC 365 I=IL,ISULM2

CC 395 M=1,1C

JP = J + N

IF (JP.GT.ISLMI) GC TC 395
h(K'l'Jp) = k‘K’I'J)

CONTINLE

CONTINLE

CCNTINLE

RECIMENSICNALIZE THE CHAMBER
CALL INT

CALL VRTULAL

CALL PRINT (1)

WRITE THE NEW CATA ON TAPE 8
WRITE (8) W v A o XMOM2
1 VSCA 1GAM 1GANM1
2 DELTY +FUEGE ,SQ
3 CIFCC oXH +ENERO
4 CP +EXP

WRITE (8) IDROP LIR ’

1 IX1 +IXIM1L LIX1P1
2 IX4M2 ,IX4M3  LUY1
3 JY2P1 ,JY2P2 ,LJY3
4 JY4M]1  ,JY4PLl  L,JYS
5 JEXU

WRITE (8) D +XDIS + XDISP
1 cosBl L, SINE +COSINE
2 ILEN

WRITE (8) xM »PC 270

1 XLEN s YLEN » XSLOPE
2 IRKC o IM o IN
WRITE (8) TCCUNT ,7T +KICOFF
WRITE (8) TV . s TVA * XV

1 PRES

WRITE (8) Av 2AVA 1AXYV
ENC FILE 8

REWINC 8

STCP

ENC

D-65

2VSC

eGAN3
+ TTCL
+OMEGA

+IX3

2JY1P1
2JY3N2
1 JYSNM2

+CFN
+DISTP

v XMCMO
+CON1
¢+ IPRES

» XVEL

MAIN (CONV)

» XMCM2A
+CELX

1 TP

» THICK

vIX4
0 JY2
2JY3P1
+» ISLOPE

+SINB1

2 YMOMO
»CON2

o YVEL

s YMONM2A
»DELY
»CON3
+QUE

s IX4M1
e JY2M1
2JY4

2 JEXL

A0

s SONIC

. @ @ @

- @ ¢ »

4



[aNaNal

SO O

OCWVMPdPWN

40

SUBROLTINE INT
INTEGER * 4 TCCUNT,T,TT
COMMON/COM1/%w(5,52,23),

Al5+3C,5), XMON2(52,23),

YMOM2(52,23),

+DELY ’
o TP

+CMEGA
» IPEX

v IX4
vJY1P1
eJY3M]L
rJY5

- @ @

sCISTP ,

' YMOMO
+SLGPE
» IE

1 VSC(52,23), XMCMZA(3C,5), YMCM2A(3Cy5), VSCA(30,5),
2 Cay 1CAM] 1GAM2 +CANM3 +LELX
3 CELY +FUCGE +SC o+ TNC o TTCL
4 CCN3 +CIFCC 4 XH +ENERQ 4 XML
5 CLE oCP +EXP +GUESS ,GEE
CCFMMON/CCM2/ ICRCP(2C) LIR(30},
1 Ix1 » IXIM1  LIX1IP1 ,IX2 v IX3
2 IX4M1 ,IX4M2 ,1IX4M3  ,JY1l vJYIN]L
3 Jy2 s JYZML  ,JY2P1 ,dY2P2 ,JY3
4 JY3MZ  LJY3PL  LJY4 1 JY4M]1 LUY4P]
5 JYSM1  ,JYSM2  LISLOPE ,JEXL +JEXU
COMMON/CCM3/C(2C) 4 XDIS(3)4XCISF(3),DFX(2),CFN(3),
1 SINB1 L,CCSBL LSINE s COSINE LCIST
2 ILEN
COMMON/CQOM4A/ XM PO » 10 +RHCO + XMCMO
1 AC + XLEN +YLEN »XSLOPE
2 CCN1 »CON2 » IRKO oIM +IN
3 IPRES LNCPY

CCVMON/COMS/TCCUNT o THKICCFF, YT
CCMMON/CCME/TVI(1293,23)y TVA(L12,2,22),
1 XVEL(2,2,23), YVEL(2,23),

FORMAT
FORMAT
FCRMAT
FCRMAT
FORMATY

(315)

(7F10.Cy ClC.C)
(8110)

(4C10.C)
(11C,3F1C.0)
REAC IN CATA
REAC
READ
REAC
REAC
READ
READ

{5y4)
(5+4)
(5,3)
{5+4)
(5,9)
(542}

LENX1oLENX2,LENX3,LENX4
LENYL1,LENY2,LENY3,LENY4,LENYS
X¥, PCy TCy GAM, FUCGE, DELX,
TsTToNOPTHIRHCIM,IN,1E,IPRES
TCOUNT o XMU4CMEGA, THICK

IFOLR, IEIGHT, MESH

DIFCC,

P C.C
Exp C.C
TP = C.0
CELY=CELX

CALCULATE INCEXING CCNSTANTS

IX1 = LENX1
IX1M1 = 1IX1
IX1P1 = IX1
Ix2 = LENX2
IXer1 = 1x2
IX3 = LENX3
IX3Pl1 = Ix3

iX4 = LENKS

PRI T R N S S
LY R NI N )

D-66

CUE

Xvi(52), YV(23),
SCGNIC(2,2,23),
CCHMMON/CCMT/AV(12934,10),AVA(12,2,10),AXV(35),AYV(S)

INT

’
s THICK,

PRES(2,2,23)



[aNa¥aYeNs]

45

50

60

70

80

90

IX4M1 = IX4 - 1
IX4M2 = Ix4 - 2
IX4M3 = Ix4 - 3
JY1 = LENYL1 + 2
JYLIML = gyl - 1
JYIP1 = Jvyl + 1
JY2 = LENYZ2 + 2
JY2rL = Jy2 - 1
JY2P1 = Jy2 + 1
JY2P2 = JY2 + 2
JY3 = LENY3 + 2
JY3ML = JY3 - 1
JY3mM2 = Jy3 - 2
JY2P1 = JY3 + 1
JY4 = LENY4 + 2
JY4aMl = Jv4 - |}
JY4P1 = JY4 + 1
JY5 = LENYS + 3
JYSML = JYS - 1
JYSM2 = JY5 - 2
JEXL JY2Ml

JEXU = JY3P1

If (MESH .EC. G) GC TO 45

JEXL = JEXL - 1

JEXU = JEXU + 1

IL = IX3 + IFQOLR

CC 5C I=IL,IXx4

REAL (£45) (W(K,I1,JY341),K=1,4)
W(l,1,JY3+1) W(l,1,JY341)/RHCO
W(2,1,JY3+1) hW(2,1,JY341)/CCN1
Wi3,1,JY3+1) W(3,1,JY3+#1)/CCN1
Wl4a,1,JY3+1) W(4,1,JY3+1)/CON2

CC 60 I=IL.IX4

CC 60 K=1,4

SIGN = 1.¢C

IF (KeEQ.3) SIGN = -1.0
R(KyI4JY2-1) = SIGN¥*W(K,I,JY3+¢1)

IL = IX3 + 1EIGHT

CO 7C I=1L,1Xx4

REAC {5,5) (w{Ke1,JY342),K=1,4)
W{l,I1,JY3+2) W{ly1,JY342)/RECO
Wi2,1,JY34+42) w(2,1,JY3+2)/CON1
Wi3,1,JY3+2) W(3,1,JY3+2)/CONL
hi4,1,JY342) wil4y,1,JY342)/CCN2

CC 80 I=IL,IX4

CO 80 K=1,4

SICN = 1.0

IF (K.EQ.2) SIGN = =].C
W(KyIsJdY2-2) = SIGN*W(K,1,JY3+2)

CALCULATE CONSTANTS
NCNDIMENSICNALIZE THE VARIABLES

XLEN = LENX4*CELX

INT - 2



aoo

[aNaNal

1CO

11¢C

CELX = DELX/XLEN

CELY = CELX

YLEN = LENYS*CELY
CAVM1 = GAV - 1.

CAM2 = GANM1/2.

GAM3 = (CAM - 3,)/2.
SC = 1./5CRT(2.)

RFOC = XM/1545.%PC/TC
AC = SCRT(CAN%32,2%PC/RHCO)
CCN1 = RFCO*AC

CCN2 = CCN1%AC/32.2
CCN3 = XLEN/AC

ENERC = PO/CAM1/CCN2
XML = XML/ (PC*AC*XLEN)
CMEGA CMEGA*CCN3
THICK THICK/XLEN

INC = C.C
TTICL = 0.C
CLE = QUE

[ BTN

/ CCN2 * CCN3
TEST TC SEE IF CEBLIQUE BGUNCARIES ARE PRESENT

ILEN = LENX3 - LENX2

IF (ILEN.NE.C) GC TG 1CC
ISLCPE = ¢C

SLCPE = ISLOPE

XSLOPE = C.0

ICRCP(1) = IX4 + 1

SINE1l = 0.0

CCsel = C.C

GO TO 14C

INFORMATION FOR SUBRCUTINE BCUND

ISLOPE = ILEN/LENY2
SLCPE = ISLCPE

XSLCPE = -1./SLCPE

CIS = SQRT((SLCPE*CELY)*%2 + DELY*%2)
SINBl = -CELY/CIS

C0SB1 = SLCPE*CELY/DIS

CIST = DELY/CCSBI
IU = ISLCPE + 1

CO 11C I=1,1SLCPE

R = I*CELX

CS = -R*SINBI

C(I) = 3.%CIST - 2.*%CS

COIU) = 4.*DIST + 2.*IU*CELX*SINEL

€O 112 1=1,3
P =1

Y = -P*DELY

XCIS(I) = Y/SLOPE + 2.*DELX
£C 114 I=1,3

P 4

~(P + 1.)*%CELY

Y

INT

D-68



C
C
C

OO0

[aNalal

a0

114

12C

125

130

135

140

2C0

210

XCISP(1) = Y/SLCPE + 2.%CELX
CETERMINATICON CF LINES WFERE PCINTS SHCULD RE CRCPPEC

IU = ILEN/ISLCPE

CC 12C 1=1,1IL

K=1-1

ICROP(I) = IX2 + K*ISLCPE + 1

ICIS = 2

IF (MESH .EC. 1) ICIS = 3
CC 125 I=1,ICIS

K = IL + 1

ICROP(K) = IX3P1 + 3*]
ICRCP(K+1) = Ix4 + 1

GECMETRY FCR THE CIFFUSER

CIS = SQRT((3.%CELY)#*2 + CELY*%2)
SINE = DELY/CIS

CCSINE = 3.*%SINE

CISTP = CELY/CCSINE

CISP = 1l./3.%CELX

CC 13C M=1,2

CFX(M) = CELX + M*CISP
CC 135 M=1,3

P

=3 -+ 1
R = P#CELX
CS = R#*SINE

CEN{(VM) = 3.%CISTP - 2.%CS
ESTABLISK INITIAL CONCITIONS

CC 2CC J=1,JY5

CO 2CC 1=2,1IXx4

XMCM2UT4Jd) = W(2,14J0%W(2,1,J)/W(L,1,J)

YMOM2UT1,J) = W(3,1,J)*W(3,1,J)/W(1,1,J)

VSQUT4Jd) = (XMOM2{I,J) + YMOMZ2(I,J))/W(1,1,J)
WiS+19J) = GAMI*(W(4914J) — VSC(IoJ)*0.5%W(1,1,3))
CONTINLE

XH = GAM/GAMI*h(S5,2,10)/h{1,2410) + XMCM2(2,10)/(2.%W(142,10))

IF (IX1.EQ.1) GO TC 450
L0 3CC 1=2,1IX1

CC 21C Jy=2,4Y1

A(l'll\l, = l.C

Al241,J) = C.C

Al3,1,J) c.C

Alayi,3) ENERO

IF (1.€EQ.2) GO TC 3C0
IR(I) = MCDUI,6)

IF {TR(1)eECe0<CRIR(I)EQ.1.OR.IR(I).EQe2.0R.IR(I).EQ.5)GC TO 260C
€C TC 3cc

"o

AVERACE VALUES AROUNC THE HGLES

INT
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260 CO 28C K=1,4

SIGN = 1.0
IF (K.EQ.3) SICN = ~1.C
A(KyI,4JY1) (A(KyToJYL) + WiKyI,JY1))/2.

W(Ky,I,JY1)
280 wWi(K,yI,JY4)

AlKyI,JY1)
SIGN*A{K,1,JY1)

oo

3C0 CCNTINLE
IR(2) = 2

CC 4CC I=2,IXx1

€0 4CC J=2,4Y1

XMOM2A(T4Jd) = A(24140J)%A(2,1,J)/A(141,0)

YNOM2A(IJ) = A(3,0,J)%A(3,1,J)7A(1,1,J)

VSCA(I4J) = (XNMONM2A{T,J) + YNMONM2ALI,J))/A(1,1,0)
400 A(S,I,J) = PC/CCN2

450 RETURN
ENC

INT - 5
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